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1. Introduction 
Phosphorus (P) together with nitrogen are probably the most widely studied 
elements in soil science. There are about 64000 articles published since 1970s 
containing the words soil phosphorus in their topic and 10000 in their title (Web of 
science).  The key elements for the large interest by the scientific community on P 
can be summarized as follows: 
- It is a major element for plant growth. 
Several cell molecules (DNA, ARN, ATP, ADP, phospholipids) contain P in their 
composition, making it an essential nutrient for all life forms. P (after nitrogen) is the 
second most important chemical element limiting agricultural production in most 
areas of the world. The high P fixing capacity of most soils reduces the efficiency of P 
fertilization. This means that only a part of the P applied (about 5-30%) is recovered 
in the first crop, where most of it will be adsorbed by the soil or lost from the field 
through runoff (Hedley et al. 2005). Moreover, the yield producing capability of the 
sorbed P is lower and it declines over the years compared with the freshly applied 
soluble P fertilizer (Hedley et al. 2005).  
- P losses from agriculture cause environmental impacts. 
The large use of P fertilizers during the last decades has increased the P soil reserves 
in many areas of the world, increasing also the risk of P losses from the soil (Cordell 
et al. 2009). Part of the P that is lost from the fields through runoff ends its way in 
waterbodies. Increasing the P concentration in marine and freshwaters can result in 
changes on the trophic state of the ecosystem and the boost of the phytoplankton 
population. Moreover the eutrophication of waterbodies can lead to massive fish kills 
if anoxic conditions are reached during the decomposition of the algae (Paerl et al. 
2001.) Additionally, this algae blooms can represent a risk to human health through 
consumption of water or shellfish species contaminated with cyanotoxins 
(Carmichael et al. 2001).  
- P fertilizer is a non-renewable resource.  
Inorganic P fertilizers are manufactured by acidulation of phosphate rock minerals. 
Although there is no certainty in the data of the global reserves, the mining of 
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phosphate rock is predicted to reach its peak by 2030 (Cordell et al. 2009). The 
expected increase in the global population during the next decades and the required 
increase in food production will likely raise the global demand for P fertilizer and 
therefore, its price.  
 
In order to ensure a sustainable agricultural production, from an economic and 
environmental point of view, a better efficiency in the use of P mineral fertilizers is 
required. Long term field experiments are necessary to optimize fertilizer 
recommendations and calibrate nutrient test. Furthermore, they are essential to 
understand and prove changes in soil fertility and detect environmental impacts due 
to long term fertilization or management practices (Debreczeni and Körschens 2003).  
In this master´s thesis a long term (37 years) fertilization experiment, containing 
three treatments differing in the P fertilization rate (0, 32 and 67 kg P ha-1 yr-1) has 
been used to study: the accumulation and depletion of P in the soil, the associated 
changes in the P buffer capacity of soil and to estimate the P losses from the field in 
relation with the soil P status and P balance.  
2. Literature review 
2.1 P fertilization in agriculture 
Although large concentrations of total inorganic P occur generally in the topsoil (1100 
- 5000 Kg P ha-1 in the top 25 cm; Saarela 2002), only a small part of it, (between 0.001 
and 1 mg L-1 ) is readily available for plant uptake in soil solution as orthophosphate 
ion (H2PO4-, HPO42-; abbreviated as PO4-P). In fact, soils are largely buffered against 
changes of PO4-P in solution. This means that when the PO4-P is mineralized from 
organic matter or released from the fertilizer into the soil solution, it will be rapidly 
subjected to sorption processes by soil particles. After the seeds sprout, part of the 
previously adsorbed PO4-P is desorbed back into the soil solution as a response of 
PO4-P uptake by plant roots. Furthermore, microorganisms can also compete with 
plants for the PO4-P in soil solution. 
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Plants absorb PO4-P from the soil solution through the roots from where is later 
transported to different sink tissues such as growing roots, leaves, flowers, fruits or 
seeds (Bucher 2007). PO4-P absorption is facilitated by mycorrhiza in many crops, 
shrub and tree species. The fungi, in symbiosis with the plant, increases the root 
adsorption area and the volume of the soil that can be exploited. Furthermore, 
mycorrhizas might play an active role in the mineralization of organic P sources and 
weathering of P containing minerals (Landeweert et al. 2001, Richardson et al. 2011). 
The physiological, morphological and molecular mechanisms involved in PO4-P 
uptake and transport are complex and highly dependent on the chemical 
environment of the soil (Bucher 2007). In the Finnish climatic conditions, the low soil 
temperatures during the growing season retard root growth, and likely affect 
negatively other physiological factors controlling PO4-P uptake (Ylivainio and 
Peltovuori 2012). The negative effect of these suboptimal temperatures on crop 
growth can be only partially ameliorated by increasing P fertilization (Ylivainio and 
Peltovuori 2012).  
P uptake for cereals in Finland varies from 5-25 kg P ha-1 yr-1 (with normal values 
around 15 kg P ha-1 yr-1) depending on the yield and crop (Yli-Halla 1989, Jaakkola et 
al. 1997). The concentration of P in crops seems to be independent of the P status of 
the soil (Jaakkola et al. 1997) unless it is in very deficient conditions (Yli-Halla 1991b).  
The low natural P status of the Finnish soils, together with the adverse climatic 
conditions, and the probable overestimations of the yield response to P fertilization 
in early studies (Valkama et al. 2008) are behind the high rates of P fertilization from 
the 70s to the 90s. 
Antikainen et al. (2008) estimated the average inputs of P to Finnish agricultural soils 
in 1910 to have been about 4 kg P ha-1 a-1. The introduction of inorganic P fertilizers 
in the next decades increased the average P inputs, reaching its peak in 1970 with 31 
kg P ha-1 a-1, remaining at similar levels during the 80s and early 90s. Due to the 
introduction of the agri-environmental programme in 1995, the average application 
of mineral P fertilizers has been reduced from 30.7 ha-1 yr-1 in 1990 to 7 kg P ha-1yr-1 
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in 2006 (Aakkula et al. 2011) and to 6.3 kg P ha-1 1yr-1 in 2010 (The Helsinki 
Commission 2015).  
Finland does not have legislation restricting P fertilization. However, starting from 
the year 1996, limits on P fertilization have been set in order for the farmers to 
receive governmental subsidies by the Finnish Agri-Environmnental Scheme (part of 
the Rural Development Programme for Mainland Finland). These P fertilizer 
recommendations have been provided by Vilavuuspalvelu Oy. until the year 2010. 
For later years, the recommendations are gathered in the Rural development 
Programme for Mainland Finland. In order to calculate the maximum fertilization rate 
for a given field, the soil is divided into 7 different fertility classes according to the 
soil type, texture, organic matter, and the Paac content of the soil (P concentration 
extracted with acid ammonium acetate). The P fertilization recommendations vary 
with crop, yield and the fertility class of the soil.   
The concentration of Paac in the soil required to meet the criteria for “good P status” 
(class 5) and the fertilizer recommendations for different crops have been 
continuously lowered since 1983. Currently, the maximum amount of P fertilizer 
recommended for cereal production is 34 kg P ha-1 if the soil has been classified as 
having a “poor” P status (class 1). For more information about the P fertilizer 
recommendations and the changes along the years see appendix 5 (table 11a and 
11b).  
A meta-analysis of 80 years of research on P fertilization in Finland, which included 
400 short and long term field P was recently conducted by Valkama et al. (2009). 
Based on the meta-analysis, the authors advised further reduction on the P 
fertilization recommendations from the ones presented in the third Finnish Agri-
Environmental Program (2007–2013). They concluded that maximum cereal yields 
can be obtained with 6-15 kg P ha-1 for clay and organic soils and 16-30 kg P ha-1 for 
coarse-textured soils of low soil P test (<10 mg Paac l-1). 
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2.2 P fertilization and the environment 
In recent decades the rapid increase in the use of inorganic fertilizers (Cordell et al. 
2009), the intensification of animal husbandry and the associated problems regarding 
manure disposal (Withers et al. 2001) have led to positive P balances in many 
intensively cultivated area. This has resulted in a widespread accumulation of large 
amounts of residual P in agricultural soils (MacDonald et al. 2010; Tóth et al. 2014).  
The P accumulated in the soil is subjected to losses during rain events through runoff. 
These losses can occur as dissolved P or as particulate P (i.e. soil particles detached 
from the soil during rain events, which contain sorbed P either in inorganic or organic 
form). P losses from agricultural land have substantially contributed to the worldwide 
increase of P concentration in surface waters (Smith 2003). Additionally, part of the 
applied P can be leached down the soil profile. However, the large fixing capacity of 
most soils prevent it from reaching aquifers in high concentrations.  
P is an essential element for all live forms. Similarly, as applying P fertilizer to the soil 
improves a plant yield, whenever P supply is limiting growth, high concentration of P 
in waters is able to boost algae growth. The connection between nutrient content in 
waters and their capacity to support rich communities of phytoplankton was 
recognized by Naumann (1927). However, it was not until 25 years later when the 
role of P as a limiting nutrient controlling eutrophication was clearly detected by Ohle 
(1953) in a series of long term experimental lakes in Germany.  
During the 70s there was increasing evidence showing that P was the primary factor 
controlling the eutrophication of surface freshwaters. Moreover, it was 
acknowledged the need of assessing the relatively contribution of P sources (urban, 
industrial, agricultural and forest) in order to be able to reverse P-induced 
eutrophication (Ryden et al. 1973). 
In Finland, during the 80s, agriculture started to be identified as the major source of 
P loading to surface waters (Kauppi et al. 1984). The high rates of P fertilization in the 
country have led to accumulation of large amounts of P in most agricultural soils, 
increasing the risk of P losses to surface waters and eutrophication (Kauppi et al. 
1993).   
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The increase in P concentration in water bodies during the last decades has led to 
eutrophication problems all over the world (Smith 2003), including the Baltic Sea 
(Finni et al. 2001; figure 1) and Finnish lakes and rivers (Räike et al. 2003). Currently, 
the P losses from agricultural land are estimated to represent 69% of the total 
anthropogenic P loading in Finland (Rural development Programme 2014-2020). 
 
Figure 1. Cyanobacterial blooms in the Baltic Sea 24th of July. Photo: SYKE. http://www.syke.fi/en-
US/Research__Development/Sustainable_management_of_the_Baltic_Sea_and_freshwater_resourc
es/Algal_bloom_monitoring_July_24_2014_Exte(30610) 
 
The increasing awareness of the environmental impact of agriculture motivated the 
approval of the agri-environmental regulation (ECC 2078/92) by the European Union.  
In conformity, after joining the EU, Finland launched the Finnish Agri-environmental 
Programme (1995-1999), which had among its objectives reductions on TP and TN 
load. The first three programs (1995-1999, 2000-2006, 2007-2013) have been largely 
adopted by Finnish farmers. By 2010 more than 90% (92% of the cultivated land) have 
received subsides after adopting agri-environmental measures (Aakkula et al. 2011).  
The mandatory agri-environmental measures required for the general sub-program 
include limits on the use of N and P in fertilizers (both mineral and organic sources) 
and the maintenance of buffer strips near watercourses. In southern Finland farmers 
are also required to adopt an additional measure such as reducing autumn ploughing, 
enhancing vegetal cover on arable land during winter or the incorporation of liquid 
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manure in the soil. (Rural Development Programme for Mainland Finland 2007–
2013). 
The recent reduction trend in P fertilization rates in Finland has been turned into a 
general decrease in the P balance in Finnish agricultural fields from +35 kg ha-1 in the 
late 80s to +8 kg ha-1 in the 2000-2004 (Uusitalo et al. 2007). Accordingly, the 
reduction has been reflected in a steady decrease in their soil P-test (Paac) in the 
country except in the Archipelago region, where animal husbandry and agriculture 
are more intensified (Aakkula et al. 2011). Although the rates of P fertilization have 
declined, the maintenance of good yields is possible due to the accumulation of P in 
the soil during the past decades of heavy fertilization. 
The reductions in the P status of the soil are able to decrease the concentration of 
dissolved reactive P in runoff waters, independently from erosion control measures 
(Yli-Halla et al. 1995). Additionally, the reductions in the soil P status are expected to 
decrease the losses of particulate P in the runoff due to the lower content of P in the 
detached particles. 
In agreement with the reductions in soil P balance, Ekholm et al. (2005) found a slight 
decrease in P concentration attributed to agricultural sources in river waters for 21 
Finnish catchments for the period from 1985 to 2006. However, Vuorenmaa et al. 
(2000), using data of 15 southern Finnish catchments, attributed most of variation in 
P losses from 1980 to 1995 to weather-driven fluctuations in discharge. Currently the 
flow normalized P loading to the Baltic Sea from Finland was estimated to be 3,297 t, 
which represents 8% of the total loading from the Baltic countries. (Helsinki 
commission, 2015). 
The P trade balance for the European Union (EU-27) has been recently estimated to 
be 2141 Pg yr-1 (Dijk et al. 2016). About half of this annual P surplus is accumulated 
in agricultural soils under crop production and the other half is lost from the system. 
Approximately half of these losses (655 Gg P yr-1) are derived from human 
consumption, 7% (84 Gg P yr-1) from crop production and 5% (62 Gg P yr-1) from 
animal production (Dijk et al. 2016). 
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In addition to the environmentally motivated reduction of P fertilization, a more 
efficient, soil specific fertilization strategy is desired from an economical point of 
view, due to the limited reserves of rock phosphate and the increasing demand of P-
fertilizers (Cordell et al. 2009).  
 
2.3 P reactions in the soil 
As mentioned already, the P applied in fertilizers, once it is dissolved in the soil 
solution, is rapidly subjected to sorption reactions by soil particles, becoming 
progressively, less available for plants. Part of this sorbed P is later released back to 
solution as a response to P plant uptake. These phosphorous de/sorption reactions 
are one of the topics most extensively studied in soil science. Many mechanistic and 
empirical models with different degrees of complexity (Barrow 1978, Freese et al. 
1995, Lookman et al. 1995, Barrow 2015) have been developed in order to increase 
the understanding of these reactions.  
The one now believed as key process controlling the availability of P in the soil is the 
sorption-desorption reactions of PO4-P by variable-charge, short-range-ordered iron 
and aluminum (hydr)oxides (Hartikainen 1979). However, according to Gerard (2016) 
the importance of PO4-P sorption onto the structural Al sites of clay minerals of large 
surface area might have been underestimated for some soils. Although iron and 
aluminum sorption can also occur in calcareous soils, the carbonate phase seems to 
be the one controlling phosphate sorption (Freeman and Rowell 1981, Carreira et al. 
2006).  In these soils most of the applied P accumulates as calcium phosphate 
compounds (Halajnia et al. 2009). 
This preferential adsorption by poorly crystalline aluminum and iron oxides involves 
the formation of an inner sphere complex by the substitution of a single coordinated 
OH ligand by a PO4 anion (i.e. ligand exchange reaction; figure 2 and 3). In this inner 
complex, the P atom shares an oxygen pair with the metal hydroxide, becoming much 
strongly bound to the particle surface than when the phosphate molecule is just 
electrostatically retained as an ion pair (Hiemstra and Van Riemsdijk 1995; figure 3) 
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The firstly formed monodentate complex tends to lose a water molecule to form a 
more stable bidentate complex. 31P solid-state nuclear magnetic resonance (NMR) 
spectroscopy has shown the dominance of bidentate complexes on bohemite in 
laboratory (Li et al. 2013) 
 
Figure 2.  Ligand exchange reaction of H2PO4- with the surface of an amorphous iron oxide. Extracted 
from Bohn et al. 2001 
 
 
Figure 3. Schematic representation of the location of outer sphere complexes and inner sphere 
complexes at the soil solution interface (modified from Hiemstra and Van Riemsdijk 1995) 
 
Moreover, once adsorbed, P slowly diffuses into the interior of the particles and to 
less accessible sorption sites remaining non-available (occluded) for plant uptake. 
This diffusion is induced by the concentration gradient created between the surface 
of the particle and its interior upon adsorption. The P sorption process can be divided 
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into an initial, instantaneous and reversible adsorption on soil particle surfaces 
followed by a slow, non-reversible fixation or occlusion into the interior of the 
particles and less accessible sorption sites (Barrow 1980, Strauss et al. 1997). 
The precipitation of Al-P and Fe-P require high activity of these metals and P in the 
soil solution. These conditions can be temporarily reached in the surrounding of 
superphosphates fertilizer granules upon hydrolysis of monocalcium phosphate 
(Lindsay and Stephenson 1959, Lindsay et al. 1962). However, these precipitates are 
metastable in the soil environment and will further react to form amorphous 
aluminum P complexes (Pierzynski et al. 1990). 
 
2.4 P sorption isotherms 
Sorption isotherms, also called quantity-intensity curves, have been widely used to 
study the initial phosphate adsorption by the soil. The isotherms are obtained from 
short term soil incubations (usually 24h) in a water matrix with or without a 
supporting electrolyte at different P concentrations (I0). The concentration of P in the 
solution after the equilibration (I) is measured and the amount of P adsorbed (Q, 
calculated as the difference between I0 and I), is plotted against I (fig. 4). 
From the quantity intensity curves, it can be observed that the amount of P adsorbed 
on the soil particles relative to the concentration in solution is highly non-linear 
(Barrow 1978). This means that as the soil becomes more P saturated, it decreases 
its capacity to adsorb further amounts of P. Two different non-linear equations 
(Langmuir and Freundlich; equation 1 and 2) are usually fitted to P adsorption data. 
One of the assumptions of the Langmuir equation is that the adsorbed molecules do 
not interact with the adsorbing surface. However, this is not the case for ions, which 
have an effect on the electric potential of the surface upon adsorption. In addition to 
the default in its theory, the Langmuir equation fails to explain the curvature of the 
isotherm for most soils (fig 4; Barrow 2008). In order to improve the fitting of the 
equation, the presence of more than one sorption site with different binding energies 
has been proposed by several authors (Syers et al. 1973, Shuman 1975). 
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Barrow (1978, 2008) defended that the presence of sorption sites with different 
reactivity is not required. In fact, the non-linearity of the isotherm can be better 
explained with the Freundlich equation (equation 2). This equation can be derived 
assuming a heterogeneous soil surface in which the binding energy decreases 
exponentially with increasing saturation of the sorption sites (Sposito 1980, Barrow 
2008). Additionally, various modifications of the Langmuir equation have been 
developed, in which the binding energy decreases with increasing P concentration 
(Sibbesen 1981) or where the electrostatic interactions among the surface-sorbed P 
species is taken into account (Kuo el al. 1988). 
 
Q = Q0 + QmaxK × I / (1+K × I)     (1) 
 
Q = Q0 + k × In     (2) 
 
Where Q is the amount of P adsorbed, Q0 the previously adsorbed P, Qmax the 
theoretical maximum sorption of the soil, I the concentration of P in solution and K 
and n fitting parameters 
 
Both equations are relatively simple and do not take into account all the factors 
affecting P adsorption. However, the flexibility of the equations allows for a good 
fitting for different data sets, but care should be taken when trying to interpret the 
fitted parameters (Peltovuori 2007). 
 
Figure 4. Freundlich and Langmuir equations fitted to phosphate sorption by a soil of large buffer 
capacity (Reproduced from Barrow 2008) 
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More important than the type of equation fitted is the information that can be 
extracted from the plots. Barrow (1974) using sorption isotherms, discovered that 
increasing levels P fertilization increases the equilibrium P concentration in solution 
(EPC0, i.e. P concentration that the soil is able to maintain in solution under the 
prevailing conditions, at which no net sorption or desorption occurs) and reduces the 
P buffering capacity (PBC. i.e. the capacity of the soil to adsorb further applications 
of phosphate, measured as the slope of the Q/I curves). This effect occurred already 
at P fertilization levels required for plant growth and it was proportionally larger at 
low levels of P addition than high applications (Barrow 1974). Field experiments in 
Finland (Hartikainen 1991) have reported similar behavior. 
The effect of P fertilization on the P buffer capacity of the soil has been extensively 
studied (Barrow 1974, Hartikainen 1991; Yli-Halla 1991; Eghball 1996). However, less 
research has been focused on the changes in sorption after ceasing or decreasing P 
fertilization rates. Yli-Halla et al. (2002) observed in a pot experiment that P depletion 
after 7 months of cultivation with ryegrass was able to modify P isotherms. The P 
exhaustion shifted the EPC0 towards lower concentration and increased the buffer 
capacity but did not affect the theoretical maximum sorption capacity derived from 
the fitted Langmuir equation. This was explained by the fact that total number of 
sorption sites was not affected. 
 
2.5 Chang and Jackson fractionation  
As mentioned earlier, P is preferentially adsorbed by poorly crystalline iron and 
aluminum oxides, but it also occurs in the soil as primary and secondary calcium 
phosphate minerals, and organic P. Different fractionation schemes have been 
designed to selectively extract P from these different soil P pools by using a sequence 
of chemical extractions (Chang and Jackson 1957; Hedley et al. 1982).  Although, the 
methods are not able to precisely isolate P from discrete P-minerals, the fractions 
obtained provide an estimate of the amount of P present on different soil pools. 
These fractionations schemes are useful to study the changes of P pools over time 
due to agronomic practices. 
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The Chang and Jackson fractionation (Chang and Jackson 1957), as modified by 
Hartikainen (1979), has been widely used in Finland (Hartikainen, 1981, 1989, 
Jaakkola et al. 1997, Turtola and Yli-Halla 1999, Peltovuori 2002, Saarela et al. 2003). 
The method consists of four consecutive extractions with NH4Cl, NH4F, NaOH and 
H2SO4, which extract selectively although, not specifically: easily soluble P, phosphate 
bounded to short-range ordered aluminum (Al-P) and iron oxides (Fe-P) and calcium 
phosphates (Ca-P), respectively. 
P adsorption in Finnish soils is controlled by short-ranged-ordered iron and aluminum 
oxides, resulting in the accumulation of part of the P applied as fertilizer in these two 
pools (Kaila 1963, Hartikainen 1979).  A series of long term field trials in Finland have 
shown an average increase of 50% in the Al-P + Fe-P pool during two decades of a 
positive P balance (Saarela et al. 2003) 
In Finnish soils, usually larger amounts of P are associated with iron oxides in 
comparison with aluminum oxides (Kaila 1964, Hartikainen 1982, 1989, Peltovuori 
2002). According to Kaila (1964), the relative size of these pools is to a certain extent 
determined by the proportion between these two sorption components, with 
aluminum oxides relatively more abundant in coarser textures. Moreover, the fate of 
the applied P fertilizer seems to be influenced by the application rate, with high rates 
favoring the accumulation of P in the Al-P pool (Hartikainen 1989). This has been 
supported by x-ray near edge adsorption (XANES) in incubation experiments with 
goethite, boehmite systems (Khare 2005). 
The Al-P fraction represents a more labile pool than the Fe-P one. This is due to the 
stronger bond formed between iron and the phosphate oxygen than in the case of Al 
(Aura 1980). This stronger fixing capacity is supported by the smaller isotopic 
exchange rate of Fe-P complexes (Kyle 1995). The contribution of the Fe-P pool to 
plant supply is expected to increase as the Al-P pool is depleted and the binding 
strength of the remaining Al-P complexes reaches that of Fe-P (Hartikainen 1982). 
The higher lability of the Al-P is also supported by a study done for different European 
soils by Hartikainen et al. (2010). In this publication the EPC0 and instantly labile P (-
q) derived from sorption isotherms are better correlated with the degree of P 
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saturation of aluminum oxides (DPSaloxI =NH4F-P/Alox) than with the saturation of 
iron oxides (DPSfeox =NaOH-P/Feox). In a previous study with Finnish soils, 
Hartikainen (1982) also reported a high correlation (r=0.93**, n=103) between the 
DPSalox and water soluble P (PW60).  
In the acidic weakly weathered Finnish soils the H2SO4 extracted P pool is usually 
associated with primary apatitic minerals, representing a large proportion of total 
inorganic P in the soil (Kaila 1961, 1964; Hartikainen 1982, Peltovuori et al. 2002). 
Although this pool is the ultimate natural source of P in terrestrial ecosystems, it can 
be considered as “immobile” due to the slow weathering rate of apatitic minerals. 
However, increases in the Ca-P pool in limed soils receiving P fertilization have been 
detected when Chang and Jackson method was developed (Chang and Jackson 1958). 
Additionally, Peltovuori et al. (2002) measured a larger Ca-P pool in the plough larger 
compared to the B horizon of 2 agricultural soils in Finland. Since higher degree of 
weathering is expected in the topsoil, this accumulation was attributed to the 
formation of secondary Ca-P minerals after large applications of lime and P fertilizer 
(Peltovuori et al. 2002). Additionally, the direct application of phosphate rock can 
increase the size of the pool extracted with H2SO4 (Yli-Halla and Lumme 1987).  
  
2.6 Effects of pH and ionic strength on phosphate sorption by Alox Feox 
P sorption is generally described to decrease (and the P availability to increase) with 
increasing pH due to the reduction on the number of positive charged sites on the 
surface of the soil particles. Additionally, changes in the ionic strength of the soil 
solution affect the potential on the plane of adsorption. 
Barrow et al. (1980) using incubations with goethite observed that at high pH, an 
increase in ionic strength resulted in an increase of P adsorption. This is attributed to 
an increase in the potential on the plane of adsorption when the sorption surfaces 
are negatively charged. The opposite effect is found at low pH, when the surfaces are 
positively charged and an increase in ionic strength lowers the potential. 
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Accordingly, Bolan et al. (1988) reported an increase in P sorption when using Ca(OH)2 
as a liming agent and a decrease when the pH was raised with KOH. In addition to the 
larger increase in ionic strength due to the use of a divalent cation, the specific affinity 
of Ca2+ for soil surfaces can increase the positive charge near the surface, promoting 
phosphate adsorption even on neutral or negatively charged surfaces (Barrow 1980). 
The importance of Ca2+ activity on P sorption-desorption reactions has been reported 
in several studies. Murphy and Stevens (2010) observed in an incubation experiment 
that lime applications can either increase or decrease of P desorption due to the 
opposite effect of increase in pH and Ca2+ activity. However, when the same amount 
of Ca2+ was applied as gypsum, it clearly decreased P desorption.  Accordingly, 
Uusitalo et al. (2012) and Ekholm et al. (2012) detected a lower losses of P from soil 
monoliths and at catchment level, respectively, due the application of gypsum. 
Additionally, Yli-Halla and Hartikainen (1996) observed that at a constant soil-solution 
ratio, lower desorption occurred the higher CaCl2 concentration used in the 
extractant.   
Holford et al. (1994) after three years of lime application on five agricultural acidic 
soils reported a decrease in the P sorption capacity. The decrease in sorption was 
attributed to the decrease of positively charged sites caused by the rise in pH, which 
was not counteracted by the accumulation of Ca2+. Holford et al. (1994) and Syres 
(2001) concluded that increases in sorption measured in pot experiments and 
incubation experiments are the results of high Ca2+ concentrations not likely to be 
found under freely draining conditions in the field. 
Moreover, according to Hartikainen (1981) increasing the soil pH seems to promote 
the P sorption by aluminum oxides over iron oxides. However, Kaila (1965) did not 
find significant correlation between soil pH and the relative proportion of Al-P/Fe-P 
for 363 soils. Therefore, although higher pH might influence the preferential sorption 
by aluminum oxides, the relative proportion of iron and aluminum appears to be the 
primary controlling factor determining the relative sizes of the P pools. 
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2.7 The degree of phosphorus saturation (DPS) 
The degree of P saturation (DPS; Lookman et al. 1995; Peltovuori 2002) also referred 
as P saturation degree (PSD; Koopmans 2001, De Bolle et al. 2013) is calculated as the 
molar ratio between the amount of P sorbed by the soil and its theoretical maximum 
P sorption capacity (PSC). The most widely used method was developed for slightly 
acid to acid, sandy, loamy sandy and sandy loamy soils in the Netherlands (Van der 
Zee et al. 1988, 1990) and Belgium (Lookman et al. 1995; equation 1 and 2). The 
method is based on a single soil extraction with acid ammonium oxalate 
(Schwertmann 1964) which dissolves simultaneously the short-range ordered iron 
and aluminum oxides (Feox and Alox) releasing the P that is sorbed on them (Pox). 
 
DPS = Pox/PSC     (1) 
PSC = α x (Alox + Feox)     (2) 
Where Ox denotes the oxalate extractable fraction (Schwertmann 1964) and α 
represents the fraction of Feox and Alox reaction sites that are able to fix phosphate 
(Van der Zee and Riemsdijk 1988).  The factor α (eq. 2) has been experimentally 
estimated in different publications using long term soil incubations with phosphate 
solutions where the theoretical PSC of the soil is reached. Van der Zee and Riemsdijk 
(1988) found a larger variation of α (0.61 ± 13) when using a heterogeneous set of 
samples than when using closely related samples (α = 0.53 ± 0.7, Van der Zee and van 
Riemsdijk 1986b). Maguire et al. (2001) calculated similar α (0.65 ± 0.1) reproducing 
the incubation of Van der Zee and Riemsdijk (1988) with soils from Northern Ireland 
derived from different parent materials. Freese et al. (1995) using 40 d incubation 
and modelling the PSC calculated α = 0.48 for 17 German agricultural topsoils and 
subsoils. 
The values of α for subsoil samples calculated by Van der Zee and Riemsdijk (1988) 
were lower and with larger variation than topsoil (α = 0.39 ± 0.19), which was 
attributed to larger heterogeneity of the soil material and the sampling of different 
horizons.  
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Despite the reported variability of α, a value of 0.5 has been operationally defined 
and used in several international publications when calculating the DPS (De Smet et 
al. 1995, 1996; Lookman et al. 1995, Leinweber et al. 1997, Turtola and Yli-Halla 1999, 
Peltovuori 2002, Börling et al. 2004,) in order to facilitate the comparison between 
studies. 
Uusitalo and Tuhkanen (2000) estimated the value of α for 10 Finnish soils to be 
between 0.09 and 0.14. Despite the methodological differences with Van der Zee and 
Riemsdijk (1988) the results suggest that the active fraction of iron and aluminum 
oxides might be lower in Finnish soils compared with central European soils. This 
lower sorption is in contradiction with the lower degree of crystallinity of the iron and 
aluminum oxides expected in the relatively young Finnish soils (Uusitalo and 
Tuhkanen 2000). No other studies, which the author is aware of have been conducted 
to estimate the validity of the 0.5 value for α in Scandinavian soils. 
Due to its young age, Finnish soils contain substantial amounts of P in apatite 
minerals, which are dissolved by acidic ammonium oxalate extraction. In these 
weakly developed soils the oxalate extractable P exceeds the sum of secondary P 
leading to an overestimation of the DPS (Hartikainen 1979 Uusitalo & Tuhkanen 2000; 
Peltovuori 2002). This error can be avoided using the sum of the NH4Cl, NH4F and 
NaOH fractions from the Chang and Jackson fractionation method instead of the acid 
oxalate extractable P (eq. 3; Peltovuori 2002).  
DPSΣ = PΣ/ PSC x 100 (%)   (3) 
Where PΣ is the sum of NH4Cl, NH4F and NaOH extractable P fractions in mmol kg -1. 
 
2.8 P losses in relation to the saturation status of the field 
The P losses in surface runoff from agricultural soils and its relation to the soil P status 
have been widely studied (Yli-Halla et al. 1995, Turtola and Yli-Halla 1999, Hooda et 
al. 2000, Uusitalo and Jansson 2002, Quiton et al. 2003, Ekholm et al. 2005) and a 
good review has been done by Sims et al. (2000) about the limitations of agronomic 
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P test for environmental management. Although good correlations can be found 
between agronomic soil P-test and P losses for a single field, the case might not be 
the same when including different soils with different sorption capacities (Hooda et 
al. 2000). Indexes, such as DPS that relates the P concentration in the soil to its 
sorption capacity can be more representative of the actual P loading capacity of the 
soil (Lookman et al. 1995).  Assessing the P status of the soil can give an estimate of 
the risk of P losses. However, transport processes need to be taken into account for 
estimating or modelling the P losses from the field or at catchment scale (Sims et al. 
2000). An excellent review of several these process-based and empirical models has 
been done by Radcliffe et al. (2015). 
Although leaching is usually considered negligible when assessing the P losses from 
agricultural fields, it can represent an important share of the total P losses when the 
P status is high, sorption capacity low and the subsurface transport enhanced by 
artificial drainage systems (Sims et al. 1998, Uusitalo et al. 2001). Several studies (De 
Smet et al. 1995, Heckrath et al. 1995, Hountin et al. 1999, Koopmans et al. 2007) 
have detected P leaching and accumulation in subsurface horizons at high rates of 
manure application, even as deep as 107 cm (Novak et al. 2000). 
As the buffer capacity of the soil is reduced, significant P leaching can occur even 
before the topsoil has reached its theoretical maximum P saturation capacity (17–
38% of the PSC derived from Langmuir isotherms, Holford et al. 1997; 25% DPS Van 
der Zee et al. 1987). Hooda et al. (2000) found a changing point at 20% DPS, below 
which little desorption occurred and above which desorption increased linearly with 
the DPS. This ease in desorption is attributed to phosphate bonding to low energy 
sites after saturation of the high energy sites (Hooda et al. 2000). A similar change 
point (57 mg Olsen P) was detected by Heckrath and Brookes (1995) when studying 
the P concentration in drainage waters in the Broadbalk Continuous wheat 
experiment.  
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2.9 The role of the specific surface area of iron and aluminum oxides on 
phosphate adsorption 
Despite the importance of the surface area of soil minerals as a key parameter 
affecting ion adsorption, little information is available on changes in the effective 
surface area of poorly crystalline iron and aluminum oxides upon aging in the soil. 
This might be due to the lack of direct analytical methods to measure the surface of 
discrete minerals present in the soil.  
Goldberg et al. (2001) aged 24 h in water synthetic amorphous aluminum oxides that 
differed in their initial surface area. Although, the oxides tended towards similar 
surface area upon 24h aging in water (107±21m2/g) the ones with largest “aged” 
surface area showed highest sorption of molybdate and arsenate (the later used 
commonly as a proxy of phosphate)  per gram and per area basis.  
Since there are no direct methods to measure the specific surface area of poorly 
crystalline oxides in the soil matrix, its estimation is usually based on the changes in 
the measured surface area of the soil upon chemical dissolution of the oxides. 
However, the chemical treatment, most likely have an effect on the remaining soil 
particles beyond the solely dissolution of the oxides. 
Borggaard (1982) estimated the specific surface area (SSA) of several Danish and 
Tanzanian agricultural soil at different depths by N2-BET method, using acetate EDTA 
to dilute the amorphous iron oxides from the soil. In the study, no significant 
differences in the SSA attributed to poorly crystalline iron oxides between Danish and 
Tanzanian soils. The variability of the SSA was large among all soils, from 404 to 1083 
m2 g-1 Feox for Danish soils and 383 to 980 m2 g-1 Feox for Tanzanian soils. 
 
Hiemstra et al. (2010) derived the effective reactive surface area (attributed to short-
ranged oxides) by applying a surface complexation model to set of samples of 
representative agricultural topsoils in Netherlands, using phosphate as probe ion and 
goethite for calibration. Their results showed a weak correlation (R2= 0.45, n=19) 
between the oxalate extractable Al + Fe and the effective reactive surface area. This 
was attributed to the variability of the specific surface area (SSA) of the oxide 
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particles (720 ± 790 m2/g). The results rely on several assumptions in the model and 
the authors admitted a probable overestimation of labile P in some of the samples.  
Soil organic matter is known to affect the P sorption capacity of the soil by two 
opposing mechanisms. In one hand, it prevents the crystallization of iron and 
aluminum oxides (Schwertmann 1986), specially the later (Borggaard 1990) 
increasing the sorption capacity of the soil. Accordingly Kartlun et al. (2000) found a 
decrease in the surface area per gram of OSM (oxalate soluble material) with depth 
in two podzolized soils in Scandinavia, attributed to the inhibitory effect of organic 
matter on the crystallization of the oxides in the topsoil.  
In the other hand, the fluvic and humic acids compete with phosphate for the 
adsorption sites of short-range ordered oxides (Sibanda and Young 1986, Hiemstra et 
al. 2010). Although these two processes are opposing each other, according to 
Borggaard et al. (1990; 2005) the competition of organic compounds for P sorption 
sites can be considered negligible. Moreover, the competition by organic compounds 
might have been overestimated in some studies, in which the release of P from the 
mineralization of organic matter might have been overlooked (Guppy et al. 2005).  
The interactions between soil organic matter and short-range ordered oxides are 
complex and depend on physicochemical characteristics of the dissolved organic 
matter and composition of the soil solution (Hiemstra et al. 2010). 
Despite the analytical difficulties, the surface area short-range-ordered oxides seem 
to have a wide range of variability, in which the organic matter content of the soil 
likely plays an important role. This variability of the surface area of the oxides 
between soils is expected to have an effect on their P sorption capacities. However, 
based on the literature reviewed, it remains unclear whether these differences are 
significant among climatic regions. 
 
2.10 P Soil test in Finland 
The agronomic soil test used in Finland since the 1950s is based on the extraction 
with an acidic ammonium acetate buffer (0.5 M ammonium acetate and 0.5 M acetic 
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acid, pH 4.65; Vuorinen and Mäkitie 1955). The Paac (P ammonium acetate) is 
designed to give an estimate of the labile P pool. This estimate is used for classifying 
soils into different fertility classes, which in combination with other soil physical 
(texture) and chemical parameters (organic matter content) are the basis for the P 
fertilizer recommendations in Finland (Eurofins Viljavuuspalvelu 0y.).  
Agronomic soil tests are cheaper compared with other more complicated P analysis 
and long term data from a large number of fields is usually available. Therefore, 
different attempts have been done to use it as an environmental test, as an input 
variable/parameter (in combination with climate data) to calculate the P losses from 
the field due to leaching or surface runoff (Uusitalo and Jansson 2002, Ekholm et al. 
2005).  
Regression analysis between P soil tests and P losses usually show good positive 
correlation and can be used detect areas that are potentially sources of P. However, 
transport mechanisms need to be taken in to account in order to get a realistic 
estimate of the contribution of a given field to the P of a waterbody (Radcliffe et al. 
2015)  
The power of the acid ammonium acetate extraction is highly dependent on soil pH, 
and likely overestimates the available P in limed soils (Hartikainen, 1989b).  In the 
other hand, water extraction seems to be better correlated to P crop uptake for a 
wider range of soil pH values (Hartikainen 1989b). 
 
2.11 Oxalate extractable Fe and Al 
A diluted oxalate extraction method developed by Niskanen (1989) has been 
traditionally used in Finland (Hartikainen 1991, 1989; Turtola and Yli-Halla 1999, Yli-
Halla et al. 2000, Muukkonen et al. 2007) for the determination of short-range 
ordered iron and aluminum oxides. This method partially avoids the analytical 
problems caused by more concentrated extracts which tend to clog the nebulizer and 
burner slot during the atomic absorption spectro-photometry analysis (Peltovuori 
2006). 
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Although, this method is considered to extract Fe and Al from the same pools as 
stronger extractants (Niskanen 1989), the results obtained might vary significantly 
when comparing with the Schwertmann (1964) method, especially regarding Fe, 
(Peltovuori 2006).  
 
3. Research objectives 
The main aim of this thesis was to study the effects of high and null P fertilization 
rates in the soil during a long term field experiment. The more specific subgoals are 
summarized as follows: 
1. Analyze the accumulation and depletion of the soil inorganic P fractions, as 
extracted with the Chang and Jackson method and compare them with the P 
balance of the field. 
2. Characterize the P saturation status of the plough layer and the possible 
leaching and accumulation of P in the subsoil. 
3. Analyze the changes in the P buffer capacity and the EPC0 of the soil during P 
saturation and P depletion. 
4. Asses the validity of the 0.5 alfa index for the calculation of the P sorption 
capacity of the soil. 
The following hypothesis were formulated at the start of the thesis, each of them 
corresponding to the previous subgoals: 
1. The P saturation and depletion will be reflected, respectively, in a significant 
decrease and increase of the Al-P and Fe-P pools in the soil. 
2. The P saturation in the topsoil will have resulted in P leaching and 
accumulation of P below the plough layer.  
3. P saturation will have decreased the buffer capacity of the soil and will have 
increased the EPC0, while the opposite effect will be found during P depletion. 
4. The fraction of Feox and Alox reaction sites that are able to fix phosphate (α) 
will be superior to the average value reported for central European soils. 
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4. Methods 
4.1 Experimental design and location and sampling 
The experimental field is located in Hausjärvi, southern Finland (60° 47’ N, 24° 55’ E, 
110 m asl.). The fertilization experiment was started in 1978 and is still ongoing, but 
before the experiment the field had already been under traditional cultivation for 
decades. The field was heavily limed with waste material from a sugar plant 2 or 3 
years before the onset of the experiment (Prof. Jaakkola´s personal communication). 
The liming resulted in a high increase on soil pH to an average of 7.7 for the field. The 
initial organic carbon concentration in the topsoil was 2.8% (Jaakkola et al. 1997) 
The texture of the topsoil is loam, the clay (< 2 µm), silt (60 – 200 µm) and sand (>200 
µm) fractions consisting of 12%, 57% and 31% respectively (Jaakkola et al. 1997). 
According to Eurofins Viljavuuspalvelu 0y. the subsoil is also loam (table 5 in the result 
section). The field has a slope down to the east of 5% in the southern part of the field 
(plots 20, 11, 10 and 1) and 7% in the northern part (personal communication Prof. 
Jaakkola 2015). 
The design of the field experiment is depicted in figure 5. It contains two factors: with 
and without PK fertilizer; with two levels each: with or without an extra 
superphosphate (8.8% of P as Ca(H2OP4)2.H2O, typically containing 10% S and 19% Ca) 
application (for abbreviations, see Fig. 5). The fertilizers have been placed at depths 
of 6-8 cm as calcium ammonium nitrate (NH4:NO3 =1:1) or NPK compound fertilizer 
(NH4:NO3 = 2:1) (Jaakkola et al. 1997). The P0 plots received an extra fertilizer 
application in 2007: 9 Kg P ha-1 P for “B”, 35 kg P ha-1 for “C” and 35 kg P ha-1 and 60 
kg K ha-1 for “D”.  An aerial picture of the field is shown in figure 6. 
Since 1978 the field has been cultivated by a rotation of barley, oats, spring wheat 
and rye grass. The grain and the straw have been harvested every year and the yield 
and nutrient concentration determined, except for the last two years, where the 
concentration was estimated as the average from previous years for the same crop 
and plot.  
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Treatment N (kg/ha/year) P (kg/ha/year) K (kg/ha/year) 
 
 
 P0 100 0 0 
 
 
 P1 100 32 0 
 
 
 P1K 100 35 64 
 
 
 P2K 100 67 64 
 
Figure 5. Design of the long term field experiment. P and K application rates are averages over the 
whole period 1978 – 2015. 
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Figure 6.  Aerial view of the field with lines drawn limiting the plots. Picture by Antti Jaakkola. 
 
The treatments included for this thesis are P0, P1 and P2K. The samples were taken 
from 4 replicates (numbered plots in figure 5) situated in 4 different blocks. Soil 
sampling was conducted in May 2015 prior to fertilizer application. The topsoil 
composite samples (about 0.5 L in volume) were obtained by mixing about 10 
subsamples taken with a soil probe (at depth 5-25 cm) from the central area of each 
plot, in order to minimize the contamination from neighboring plots. The subsoil 
samples were taken with an auger from two sites in each plot after the removal of 
the plough layer with a spade. 
Undisturbed core samples from the topsoil and subsoil were taken from 4 plots (1, 4, 
20 and 14) in two replicates at same depths as the composite samples. The core 
samples were used for the determination of bulk density of the soil. The data is 
needed to convert the of P content of the soil from kg to ha basis, which allows the 
comparison of P accumulation in the soil with P balance of the field ( the difference 
between the amount of P applied as fertilizer per hectare and the P withdrawn with 
the harvest). 
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The composite samples were stored in cardboard boxes, air dried for several days 
and sieved through a 2 mm sieve. No gravel was detected in any of the samples. The 
core samples were kept in the freezer (-25 C) until analyzed for bulk density.  
Topsoil samples from 1978, 1995 and 2005 and subsoil samples from 1995 and 2005 
were included in the thesis. These subsoil samples were obtained using an auger and 
discarding the topsoil (first 25 cm; personal communication Prof. Jaakkola 2015). 
These samples were taken in the autumn after harvest, also air dried and sieved, and 
stored in cardboard boxes.  
 
4.2 Soil Test 
The samples were sent to Viljavuuspalvelu Oy – Soil Testing Service Ltd for soil 
analysis. The electric conductivity and pH were measured in 1:2.5 soil water 
suspension. Ca, P, K, Mg and S were extracted using the acid ammonium acetate 
method (Vuorinen and Mäkitie 1995). The P concentration was analyzed 
colorimetrically using the ammonium molybdate method. Ca, K, Mg and S 
concentrations were determined using ICP. Additionally, the soil texture was 
tentatively determined by finger assessment. 
 
4.3 Chang and Jackson fractionation 
The aim of this analysis was to study the changes over time on the inorganic 
phosphate reserves bound to the different soil components according to the Chang 
and Jackson (1956) fractionation method as modified by Hartikainen (1979). In this 
modification, a higher pH in the NH4F extraction solution is used (pH 8.5 compared 
to the pH 7 in the original method) in order to minimize the dissolution of phosphate 
bound to iron during this extraction and to and restrict P resorption.  
The method consists of 4 consecutive extractions (1:50 soil-solution ratio) with 1 M 
NH4CL, 0.5 M NH4F (pH 8.5), 0.1 M NaOH and 0.25 M H2SO4, which are targeted to 
extract easily available P, P bound to aluminum oxides (Al-P), P bound to iron oxides 
(Fe-P) and calcium phosphates (Ca-P). In each step the soil-solution mixture is shaken 
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and centrifuged, the soil is kept for the following extraction and the solution filtered. 
The concentration of P is the solution is finally determined calorimetrically with the 
molybdenum blue method (Kaila 1955) using a spectrophotometer (ORIDOR, aUVmini 
120 UV-VIS). A detailed description of the extraction is presented in the appendix 1. 
The statistical analysis was done using the IBM SPSS Statistics software. ANOVA were 
performed in order to detect significant differences on the P concentration 
associated to the different pools, between years for a given treatment (year as a 
factor) and between treatments for a given year (treatment as a factor). 
The presence of a block effect was tested negative and therefore, the block factor 
excluded for later ANOVAs in order to have enough degrees of freedom to perform 
the posthoc test (Tukey). 
4.4 Field balance 
The P balance of the field treatments was calculated with the data obtained from 
Prof. Jaakkola for the period 1978 -2015 as the difference between the P applied as 
fertilizer and the P removed during crop harvest. The P uptake was calculated as the 
product of the straw and grain yield by their respective P content. The P 
concentration of straw and grain was missing for the years 2013 and 2014, for which 
the average concentration of the specific crop and treatment from the previous years 
was used.  
Both grain and straw yields had been weighed from a net plot the area depending on 
harvester used (4 by 11 or 1.5 by 10 m). Grass yields had been harvested once in each 
season (1988 and 1992) and weighed from a net plot of 1.5 by 10 m. Plant samples 
had been taken for the determination of dry matter yield and analyzed for P from 
ashed samples with the ammonium vanadate-molybdate method (Jaakkola et al. 
1997). 
The P balance was also compared with the accumulation or depletion of P in the 
plough layer calculated as the sum of the P fractions from the Chang and Jackson 
method (using the average bulk density of the plough layer and assuming a 25 cm 
thickness). 
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4.5 Q/I isotherms 
The objective of this experiment was to study the changes in the P buffer capacity 
and in the equilibrium P concentration (EPC0) of the soil, caused by the saturation or 
depletion of soil P over the 37 years period. 
One block of the field experiment was chosen for the analysis in base of the results 
obtained from the Chang and Jackson fractionation. The topsoil samples from the 
plot 20, 11 and 12, years 1978 and 2015, corresponding to the treatments P0, P1 and 
P2K respectively showed the “best behavior” (i.e. steady decrease under no P 
fertilization over the years, and steady increase at the highest P fertilization).  
The solutions used for the incubation were prepared from a stock solution containing 
200 mg P l-1. The concentrations used for each treatment were as follows: 
P0 (plot 20): 0, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 6 and 8 mg P/l. Guess of EPC 0.3 mg/l 
P1 (plot 11): 0, 0.1, 0.2, 0.5, 1, 2, 4, 6 and 8 mg/l. Guess of EPC 0.6 mg/l 
P2K (plot 12): 0, 0.2, 0.5, 1, 2, 5, 8 and 12 mg/l. Guess of EPC 1-2 mg/l 
The equilibrations were done at a soil-to- solution ratio 1:50 (using 1 gram of soil in 
air dry basis) in plastic centrifuge tubes, using three replicates for each. The tubes 
were shaken in a mechanical shaker (Edmund Bhler, SM 30 Control) at 180 rpm-1 for 
30 min and allowed to stand overnight. The morning after, the samples were shaken 
again for 15 min, centrifuged (Hermle, ZM 513 K) for 20 min at 2000 rpm and 
posteriorly filtered through membrane filters (Nucleopore® polycarbonate, 2 µm) 
using a vacuum device. The P concentration of the extracts was measured using the 
ascorbic acid method. The detailed description is presented in the appendix 3. 
4.5.1 Curve fitting  
The amount of P sorbed by the soil was calculated using equation 1 as the difference 
of the concentration in solution before and after the equilibration and multiplied by 
the soil: solution ratio. Then, the modified Freundlich equation (equation 2) was 
fitted to the data using “R” (nls code with port algorithm) and the add-in “solver” of 
Microsoft® Office Excel® 2013. The Microsoft Office Excel Solver tool uses the 
Generalized Reduced Gradient (GRG2) nonlinear optimization code. 
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Both programs try to find the equation that best fit the data by changing the 
parameters of the equation (a, b and qi). In order to minimize the sum of squares for 
the difference between the modeled and calculated value of Q. However, both 
algorithms are sensitive to the starting values of those parameters, which might lead 
to different equations for different starting values.  
 =  −  ∙ 	  (1) 
 = 	 ∙  −   (2) 
Where Q is the P adsorbed by the soil, I0 and I are respectively the concentration in 
soil solution before and after equilibration, R the soil solution ratio, and a, b and qi 
fitting parameters. The last, can be interpreted as the theoretical amount of P that 
would be desorbed if I decreases to zero. 
The equilibrium P concentration (EPC0) at which no net sorption or desorption 
occurs was calculated using equation 3 (solving equation 2). 
 = 	  /  (3) 
The buffer capacity is calculated as the slope of the QI curve at (EPC0) (equation 4).  
	 =  =  ∙  ∙ 	  (4) 
 
4.6 Incubation experiment and measurement 
A “long term” incubation experiment was carried out following the procedure of Van 
der Zee and Riemsdijk (1988). The objective of the experiment was to estimate the 
percentage of oxalate extractable iron and aluminum that contribute to phosphate 
sorption when a theoretical soil saturation capacity is reached.  
The concentration of P in the solution is known to affect the soil P sorption rate, with 
longer incubation times needed to achieve similar P sorption at lower P 
concentrations (Van der Zee and Riemsdijk 1988, Freese et al. 1995). Therefore, the 
use of a soil-solution ratio that resulted in small reduction (10-20%) in the P 
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concentration during the incubation, but large enough to be measured was required. 
In order to select a proper soil-solution ratio a preliminary 1 week incubation was 
done, which is described in the next section.  
The topsoil of 3 plots and the subsoil of one plot from the 2P treatment were 
incubated for 7 days, 32, 129 and 249 days in centrifuge tubes with a solution 
containing 5 mmol P L-1 (155 mg P L-1 ) for the topsoil samples and 0.5 mmol P L-1 
(15.5 mg P L-1) for the subsoil. In both cases the soil solution ratio was 1:50 and 1.5 
mmol L-1 CaCl2 was used as a supporting (background) electrolyte. Prior to the 
incubation, the samples were left to equilibrate for a week with a solution containing 
1.5 mmol L-1 CaCl2. The incubation was carried out using 3 replicates and 2 blanks (P 
solution without soil) for each incubation time in order to detect possible sorption on 
the plastic tubes. 
The centrifuge tubes were shaken by hand, placed in a rack and let stand in the dark 
at room temperature for the periods mentioned. After the incubation, the tubes were 
shaken by hand and centrifuged (Hermle, ZM 513 K) during 15 min at 2500 rpm. 
Posteriorly, 5 ml were directly pipetted from the solution and diluted by a factor of 
400 in order to fit the sample concentrations into the calibration line range. For this, 
two consecutive dilutions were done by transferring 5 ml aliquots in 100 ml 
volumetric flasks.  
The P concentration was determined using the ascorbic acid method (Appendix 3). 
The concentration was measured with an ORIDOR aUVmini 120 UV-VIS 
spectrophotometer using a wavelength of 880 nm.  
4.6.1 Preliminary test 
In order to achieve a reduction below 25% during the first week of incubation, 
different combinations on the soil: solution ratio and P concentration were tested for 
soil samples from on plot of each treatment (table 1). 
The incubation was carried out with 2 replicates for each soil: solution ratio – 
concentration combination. The P concentration in the solution was determined after 
8 days of incubation using the ascorbic acid method as previously described. 
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Table 1. Soil-to- solution ratios and P concentrations used for the long term incubation experiment 
preliminary test. 
Plots 
Soil-to- solution 
ratio 
P concentration, 
(mmol L-1) 
Background 
electrolyte CaCl2 
(mmol L-1) 
Topsoil (4, 8 and 
11) 
1:10 3 
1.5 
1:10 5 
1:15 5 
Subsoil (11) 
1:5 0.5 
1:10 0.5 
 
 
4.6.2 Determination of PSC, α and DPS. 
The theoretical maximum sorption capacity of the soil samples was calculated as the 
sum of the P adsorbed at the end of the incubation experiment (Ps; equation 5) and 
the previously sorbed P as extracted with NH4Cl, NH4F and NaOH in the Chang and 
Jackson fractionation prior the incubation (equation 6). 
Ps = I0-I249 x R    (5) 
PSC = Ps + P-NH4CL + P-NH4F + P-NaOH (6) 
Finally the active fraction of the short range order iron and aluminum oxides (α) was 
calculated as the ratio between the maximum sorption capacity in a mol g-1 basis 
(PSC; equation 7) and the sum of oxalate extractable iron and aluminum. 
 =	  !"#$%&'()%&   (7) 
The degree of P saturation for each plot was calculated by dividing the concentration 
of P extracted with NH4Cl, NH4F and NaOH by the concentration of oxalate 
extractable iron and aluminum in mol g-1 basis and multiplied by α (equation 8). 
*+ = 	α	  -./")' -./#	'	 -0.#$%&'()%&   (8) 
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4.7 Oxalate extractable iron and aluminum 
The short-range-order iron and aluminum oxides have been traditionally extracted 
with oxalate solutions. In this thesis, the method developed by Schwertmann (1964) 
will be used in order to facilitate the comparison of the results with other 
international publications. Specially, since this method has been used for the 
estimation of the fraction of short-range-order oxides that contribute to the P 
sorption capacity (α; equation 7). 
For the extraction 1 g of soil is shacked (180rpm) during 4 h in the dark with 50 ml of 
the extraction solution (57% 0.2 M ammonium oxalate ((NH4)2C2O4 ∙ H2O) and 43% 
0.2 M oxalic acid (H2C2O4 ∙ 2H2O) buffered at pH 3.0) using centrifuge tubes. The tubes 
are then centrifuged at 3000 rpm-1 for 15 min and filtered through blue ribbon paper 
(Whatman, 589/3, ashless, blue ribbon, diameter 150 mm) into plastic bottles. The 
extractans were diluted by 10 fold using 0.1 M HCl and the concentration of iron and 
aluminum measured using ICP-OES “inductively coupled plasma – optical emission 
spectrometry” (iCP-OES, Thermo Scientific icap 6000 series). 
The extraction solution was prepared by the student Jannette Leppänen and the ICP 
was run by the lab technician Miia Collander. Details on the standard preparations 
written by Miia Collander are presented in the appendix 4. 
 
4.8 Bulk density 
The undisturbed core samples were dried at 105 C during 48 h, placed posteriorly in 
desiccation chambers and allow to cool down for 2 hours before weighing them. The 
cylinders were cleaned from soil material, weighed and the internal diameter and 
height measured in order to calculate the bulk density of the samples (equation 9).  
* = 	 122	34	56$	23)	783)91$	34	56$	9:259;$	21<)$	=1>   (9) 
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5. Results 
5.1 Soil test 
The results of the soil analysis done by Viljavuuspalvelu Oy – Soil Testing Service Ltd for soil analysis are presented in the table 2. The 
concentrations are expressed as the average of the treatment plot replicates with the standard error between parentheses. The soil texture is 
presented according to the Finnish textural classification system based on the Atterberg limits. 
Table 2. Soil analysis of the topsoil and subsoil expressed as the average and standard error of the plot replicates for each treatment (n=4).  
Treatment Top/subsoil Texture 
Conductivity  
pH Ca (mg/l) P (mg/l) K (mg/l) Mg (mg/l) S (mg/l) 
(10xmS/cm) 
P0 A hsHHt,HHt 1.2 (0.1) 7.6 (0.2) 2125 (246) 11.9 (2.9) 73 (7) 46 (4) 12.6 (1.7) 
P1 A hsHHt,HHt,htHs 1.1 (0) 7.4 (0.1) 2025 (165) 22.5 (3.8) 79 (4) 52 (1) 12.1 (0.7) 
P2k A hsHHt,HHt 1.3 (0.1) 7.4 (0.1) 2275 (193) 47 (4.1) 153 (5) 48 (4) 13 (1) 
P0 B htHs 0.6 (0.1) 7.3 (0.1) 1060 (129) 3.1 (0.1) 89 (4) 75 (36) 19.1 (10.3) 
P1 B hsHHt,HtMr,htHs 0.8 (0.1) 7.2 (0.2) 1123 (88) 3.9 (0.2) 89 (7) 62 (11) 13.3 (1.1) 
P2k B hsHHt,HHt 1 (0.1) 7.3 (0.2) 943 (21) 3.6 (0.5) 101 (7) 55 (7) 23.1 (6.2) 
Nutrients were extracted with acid ammonium acetate. Soil pH and EC measured at 1:2.5 soil water ratio. Soil texture determined by finger assessment. 
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5.2 Chang and Jackson fractionation  
The concentration of P in the soil extracted with NH4Cl, NH4F, NaOH and H2SO4 for 
the three levels of P fertilization and the years 1978, 1995, 2005 and 2015 is depicted 
in the figure 7 (topsoil) and 8 (subsoil). The topsoil graph also shows whether the 
changes of P concentration in the different fractions are significantly different along 
the years for a given treatment (i.e. year as a factor). The results from the posthoc 
analysis are not shown for the subsoil samples due to the incongruent changes along 
the years, probably attributed to sampling errors, which will be discussed in the next 
section.  
The tables 9a and 9b in the appendix 1 contain the concentration of P in the topsoil 
and subsoil, respectively, in the different fractions, for all the treatments and years. 
Additionally, the able 9a shows whether there are significantly between treatments 
for a given year (i.e. treatment as a factor). 
Figure 7. Concentration of P (mg/kg) in the topsoil for the different P fertilizer treatments and years 
as extracted with the Chang and Jackson fractionation method. The average values of the plots from 
each treatment (n=4) and the standard error bars are presented. Fractions of the columns for the same 
treatment marked with the same letter do not differ significantly (Tukey p=0.05) 
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Figure 8. P concentration (mg/kg) in the subsoil for the different P fertilizer treatments and years as 
extracted with the Chang and Jackson fractionation method. The average values of the plots from each 
treatment (n=4) were used and the standard error bars are presented. 
 
5.3 P balance of the field 
 The P balance of the field for the period 1978-2014, together with the accumulation 
or depletion of P in the plough layer is presented in table 3. The changes in the sum 
of the Chang and Jackson P fractions are assumed to quantitatively represent the 
total changes in soil P. The difference between the P balance and the change in soil P 
is presented. 
Table 3. P balance of the field treatments and increase in soil P for the period 1978-2015. All values 
are presented in Kg P ha-1 and presented as the average of the treatment plots (n=4). The standard 
error is presented between parentheses.  
Treatment P uptake P applied P balance Change in soil P 1 
Difference (P balance 
– Change in soil  P) 
P0 458 (33) 0 -458 (33) -459 (76) 1 (106) 
P 554 (20) 1167 613 (20) 32 (162) 581 (165) 
P2K 673 (19) 2474 1801 (19) 74 (75)  1070 (77) 
1. Change in soil P as extracted with the Chang and Jackson fractionation method. 
 
The values of P concentration (mg P kg soil-1) obtained from the Chang and Jackson 
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balance. The average bulk density of the topsoil (table 4) and subsoil were used in 
the calculations. 
Table 4. Bulk density for topsoil and subsoil plots calculated as average of two samples. Standard 
deviation is presented between brackets. 
  Plot BD (g cm-3) 
Topsoil 
14 1.00(0.05) 
1 1.22(0.00) 
20 1.22(0.12) 
4 1.19(0.10) 
Average 1.16(0.12) 
Subsoil 
14 1.35(0.09) 
1 1.74(0.20) 
20 1.60(0.13) 
4 1.32(0.06) 
Average 1.50(0.21) 
 
 
5.4 Oxalate extractable Fe and Al and DPS 
The concentration of oxalate-extractable iron and aluminum oxides for the topsoil 
and subsoil samples of the field is presented in table 5. The PSC was calculated 
according to equation 7 (methods section). 
Table 5. Concentration of oxalate-extractable (Schwertman 1964) iron and aluminum oxides and P 
saturation capacity (PSC) for the topsoil and subsoil samples. The values are calculated as the 
average of all the plots (n=12) and the standard error is presented between parentheses. 
  Alox (mmol kg-1) Feox (mmol kg-1) PSC (mmol kg-1) 
Topsoil 130 (1.4) 94 (0.6) 112 (0.8) 
Subsoil 77 (4.5) 57 (0.9) 67 (2.4) 
 
The DPS of the topsoil and subsoil for each treatment is presented in the table 6 with 
standard deviations between parentheses. Since the average values of PSC for the 
topsoil and subsoil samples have been used in the calculations of the DPS, the 
standard deviation of the DPS has been calculated as follows:  
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+?*	*+ = @A+?*	ΣP	ΣP D
E + A+?*	PSC	PSC D
E 	× *+ 
Similar calculations were done for the standard deviations for the degree of 
saturation of the aluminum and iron oxides (DPSalox = NH4F/Alox and DPSfeox = 
NaOH/Feox). 
+?*	*+ = @A+?*	JK/LJK/L D
E + A+?*	Alox	Aox D
E 	× *+QRS 
 
Table 6. Sum of inorganic phosphorus extracted with NH4CL, NH4F and NaOH (ΣP) and the degree of 
phosphorus saturation (DPS) for all the treatments and years. The values are presented as the average 
of the plot replicates (n=4), with the standard deviation between parentheses. 
top/subsoil Treatment Year 
ΣP  
(mmol/kg) 
DPS 
(%) 
NH4F/Alox 
DPSalox(%) 
NaOH/Feox 
DPSfeox(%) 
A 
P0 
1978 15 (1) 13 (1) 7(1) 5(0) 
1995 13 (2) 12 (2) 6(1) 5(0) 
2005 12 (2) 11 (2) 6(1) 5(0) 
2015 11 (2) 10 (2) 5(1) 4(0) 
P1 
1978 15 (2) 13 (2) 7(1) 5(0) 
1995 16 (2) 14 (2) 8(1) 6(0) 
2005 16 (2) 14 (2) 8(1) 6(1) 
2015 15 (2) 13 (2) 7(1) 6(1) 
P2K 
1978 16 (1) 14 (2) 8(1) 5(1) 
1995 20 (1) 18 (2) 10(1) 7(1) 
2005 22 (1) 19 (2) 11(2) 7(1) 
2015 22 (1) 20 (2) 12(2) 8(1) 
B 
P0 
1995 5 (1) 7 (3) 3(2) 4(1) 
2005 7 (2) 10 (5) 6(4) 3(1) 
2015 4 (2) 6 (4) 3(3) 3(1) 
P1 
1995 7 (2) 10 (5) 4(4) 4(1) 
2005 7 (2) 11 (5) 6(4) 5(1) 
2015 4 (0) 5 (2) 2(2) 3(1) 
P2K 
1995 7 (2) 10 (5) 6(4) 4(1) 
2005 8 (4) 12 (7) 6(5) 5(1) 
2015 5 (3) 8 (5) 5(4) 4(1) 
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5.5 Q/I isotherms 
The QI isotherms obtained from the sorption experiment for the 3 plots, representing 
the 3 treatments are depicted in figure 9. The parameters of the Modified Freundlich 
equation (equation 2, methods’ section) fitted to the data, together with the values 
of the EPC0 and the buffer capacity (BC) calculated from the equations are presented 
in table 7.  
 
Table 7. Parameters of the fitted modified Freundlich equations for one plot of each treatment 
(samples from 1978 and 2015). The SSD (the sum of squares between the calculated and predicted 
Q), equilibrium P concentration (EPC0) and buffer capacity at EPC0 (BC) are presented. 
Plot / treatment 20 / P0 11 / P1 12 / P2K 
Year 1978 2015 1978  2015 1978 2015 
A 95 126 130 165 147 990 
B 0.42 0.37 0.29 0.28 0.33 0.05 
Q 40 77 94 122 98 1002 
SSD 24 24 13 25 35 35 
EPC0 0.27 0.12 0.34 0.33 0.30 1.30 
BC  108 135 99 82 110 35 
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Figure 9. P Sorption curves obtained for 3 different plots, representing 3 different treatments, years 
1978 and 2015. The data was fitted using a modified Freundlich equation. Note the different scale 
used in the last plot. 
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5.6 Long term sorption experiment 
The results of the preliminary incubation experiment are depicted in the appendix 1 
(table 10). Due to the large reduction of P in solution after the first week of 
incubation, a wider soil: solution ratio (1:50) was used for the long term incubation.  
The results from the final long term sorption experiment are depicted in the table 8. 
All the values are presented as the average of the replicates, with the standard error 
between parentheses. 
Table 8. Amount of P fixed in the soil during different incubation times at a 1:50 soil-solution ratio, 
containing 155 mg P L-1 for the topsoil, and 15.5 mg P L-1 for the subsoil samples. The alfa parameter 
represents the calculated proportion of short- range ordered aluminum and iron oxides that are able 
to adsorb P.  The values are presented as the average of the replicates (n=3), with the standard 
deviation between parentheses. 
Plot Days incubation P fixed (mmol/kg) % P reduction in solution α 
 7 20(2) 8(1) 0.20(0.01) 
2a 
31 35(3) 14(1) 0.26(0.01) 
100 41(1) 16(1) 0.29(0.01) 
250 39(1) 16(0) 0.28(0) 
12a 
7 19(2) 8(1) 0.19(0.01) 
31 36(1) 15(0) 0.27(0.01) 
100 43(2) 18(1) 0.30(0.01) 
250 45(8) 18(3) 0.30(0.04) 
4a 
7 29(6) 12(2) 0.24(0.02) 
31 41(3) 16(2) 0.29(0.01) 
100 48(2) 19(1) 0.32(0.01) 
250 51(1) 20(1) 0.33(0.01) 
2b 
7 13(3) 11(2) 0.16(0.02) 
31 16(0) 14(0) 0.18(0.00) 
100 17(2) 15(2) 0.18(0.01) 
250 25(3) 20(1) 0.21(0.05) 
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6. Discussion 
6.1 P test with acid ammonium acetate extraction 
The Paac shows a great variability among the plots of the P0 treatment in the year 
2015 (20, 6.6, 11 and 9.8 mg L-1 for the plots 8, 10, 18 and 20 respectively).  According 
to the 7-step classification of soil test results in Finland (Eurofins Viljavuuspalvelu 0y.), 
the plot 8 would be classified as having a “good P status” class (class 5), while  the 
plot 10 would be “tolerable” (class 3) and  for the plots 18 and 20, “satisfactory” (class 
4). The high P status of plot 8 was not as clearly detected in the NH4Cl extraction of 
the Chang and Jackson fractionation, which is supposed to represent the most easily 
soluble P. Moreover, the inorganic P reserves and the DPS of the plot 8 were similar 
to the ones of plot 18 and lower than the ones of the plot 20.  
The Paac also shows a large variation in the plots of the treatments P1 (from 15 mg 
L-1 “satisfactory” to 32 mg L-1 “high”) and P2K (from 36 mg L-1 “high” to 56 mg L-1 
“excesive”; class 6 and 7, respectively). During the first year of the experiment, the 
Paac level among the plots was not, either, totally homogenous. However, the final 
variability in Paac appears to be caused by a dissimilar response of the plots to P 
fertilization rather than to their initial differences in Paac. This behavior might be 
partially attributed to the heterogeneity of the soil regarding exchangeable calcium 
(2700 – 1500 mg/l) and pH (7.1 – 7.8) caused by the uneven distribution of the liming 
material (Jaakkola´s personal communication).  
Jaakkola et al. (1997) already discussed that the high pH of the soil may have led to 
an overestimation of the plant available P by the acidic ammonium acetate 
extraction. The acidic extraction might have caused the dissolution of calcium 
phosphate compounds (Hartikainen 1989b) which likely have formed at the high pH 
of the soil (Lakanen and Vuorinen 1963). The hypothesis that the high Paac value of 
the plot 8 is due to the dissolution of Ca-P minerals can be partially supported by the 
high concentration of calcium (2700 mg L-1) extracted simultaneously. On the other 
hand, the pH of the plot 8 (7.8) was similar to the pH  in the plots 18 and 20 and only 
superior to the plot 10 (7.1)  
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The overestimation of the soil P status by the acidic extraction is also supported by 
the low EPC0 values measured for the plots 11 and 20, when compared with the 
results published for other 6 acid Finnish soils (Hartikainen 1991, Peltovuori et al. 
2002, Peltovuori 2007). These acid soils (pH 4.2 to 5) have lower Paac values (5.0 to 
8.8 mgL-1) than both of our plots but higher EPC0 values (0.43 to 0.67). 
A correction of the Paac for pH and organic matter content have already been 
proposed by Sippola (1980). However, this correction considers only the low 
availability of P in acid soils, not the possible overestimation of the Paac in limed soils. 
The relationship between the crops’ yield and amount of P extracted with the acidic 
ammonium acetate is beyond the scope of this thesis, but it should be studied in 
future. 
6.2 Chang and Jackson fractionation  
As reported in previous studies (Kaila 1964, Hartikainen 1989, Yli-Halla 1989, Liu et 
al. 2014) and in the article already published for this field (Jaakkola et al. 1997), high 
rates of P fertilization (P2K treatment) have resulted in a significant increase in easily 
available P and in the Al-P and Fe-P pools in the plough layer already during the 17 
first years of the experiment.  
At the onset of the experiment, the size of the Al-P pool was almost double than the 
Fe-P pool. The relative increase of both fractions under the P2K treatment during the 
experimental period was similar, (35% and 32%, respectively). However, the degree 
of P saturation of the aluminum oxides (DPSalox = Al-P/Alox) was slightly higher than 
the P saturation of the iron oxides (DPSfeox= Fe-P/Feox) for the whole experimental 
period and the difference statistically significant. Interestingly, the ratio between 
DPSalox and DPSfeox was constant as the saturation of the pools increased. These 
findings are in agreement with the results of a long term sorption experiment carried 
by Maguire et al. (2001). They concluded that although the Alox has a higher 
contribution than Feox to the PSC of the soil, the relative importance of both oxides 
as sink of P does not change as sorption proceeds. 
Although, both Feox and Alox are responsible for P sorption, the P bound to iron 
oxides appears to be non-easily available for plant uptake. As observed in the P0 
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treatment, the exhaustion of soil P during 37 years resulted in a 30% decrease in the 
Al-P pool while the Fe-P pool remained stable. These results are in agreement with a 
similar 15 years depletion experiment conducted by Liu et al. (2014) in Aridic 
Haploboroll soils in Canada.  Although, in their study the Chang and Jackson 
fractionation showed a decrease in both, the Al-P and Fe-P pool, the XANES and LCF 
analysis revealed an increase of the inorganic Fe-phosphates. According to the 
authors, the P sorbed to aluminum oxides was mobilized by wheat cultivation and 
posteriorly sorbed by iron oxides.  
Hartikainen (1982) hypothesized that as Al-P is depleted, the bonding energy of the 
remaining P with the aluminum oxides will increase to a point where it would equal 
the bonding energy between P and the iron oxides. After that point, both pools are 
expected to be of similar lability. However, despite the large P depletion (P0 
treatment) the Fe-P did not decreased significantly in our soil. Therefore, this 
hypothesis remains to be tested as the soil gets further P depleted. 
The results from the analysis of 365 soil by Kaila (1964) and 101 soils by Hartikainen 
(1982) indicate that relative size of the Al-P and Fe-P pools can be explained to a 
certain extent by the proportion of their sorption components in the soil. However, 
the analysis of several European soils by Hartikanen et al. (2010) shows that the ratio 
between the P saturation of iron oxides and aluminum oxides (DPSfeox/ DPSalox) can 
vary from 960 to 0.76.  As observed in this field experiment, not only the relative size 
of the sorption components, also the fertilization history of the field can have an 
influence on the relative size of these two pools. However, this impact seems to be 
too small to account for the large variation reported by Hartikainen et al. (2010). 
Other factors such as pH (Hartikainen 1981), organic matter content (Borggaard et al. 
1990) or the chemical environment of the soil solution might affect the sorption of P 
by iron or aluminum oxides differently. 
The Ca-P pool In Finnish soils is usually considered to be composed mainly by primary 
apatite minerals and to be therefore, rather stable (Kaila 1964; Hartikainen 1982; 
Peltovuori et al. 2002; Saarela 2002; Turtola and Yli-Halla 1999). The increase of this 
pool (P2K treatment) can be explained by the formation of secondary calcium 
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phosphate minerals due to the initial heavy liming of the soil. The formation of Ca-P 
compounds after the application of P fertilizer in limed soils has already been 
reported for incubation experiments (Kaila 1965, Hartikainen 1981) and field 
experiments (Chang and Jackson 1958; Jokubauskaitė et al. 2015). Also, long term 
application of manure (basic and with high concentration of P) can increase the P 
pool extracted with diluted acid “suggesting formation of calcium phosphates in 
naturally acidic soils” (Lehmann et al. 2005), which was later confirmed with X-ray 
absorption near-edge structure (Sato et al. 2005). The formed calcium phosphates 
were identified as amorphous calcium phosphate (ACP) and dicalcium phosphate 
(DCP), which in long term transformed into more stable β-tricalcium calcium 
phosphate (TCP).  
This field experiment has been fertilized for P with NPK and superphosphate fertilizer 
(SSP). The solubility of phosphate of NPK fertilizers vary depending on the 
manufacturing process (Hedley and McLaughlin 2005). Fully acidulated commercial-
grade superphosphate fertilizers contain at least 85-90 % wt water soluble P as 
monocalcium phosphate [Ca(H2PO4)22H2O], where the rest are citrate soluble 
impurities (Chien et al. 2011). The most common impurities in SSP are not calcium 
phosphates but the generic P compounds H8 [(Fe,Al)3NaH8(PO4)6 6H2O] (Chien et al. 
2011). Therefore, most the accumulation of P in the H2SO4-P pool is likely caused by 
the formation of secondary calcium phosphate compounds in the soil, with the 
accumulation of the water insoluble fraction of the applied fertilizers playing only a 
minor role. 
The composition and crystallinity of the secondary calcium phosphate minerals 
formed under the high P treatment in our field experiment has not been studied. 
However, if the pH of the soil would return to more acidic levels, dissolution of the 
formed calcium phosphate compounds is likely to occur. The dissolved phosphate 
would be then subjected to sorption processes by iron and aluminum oxides (Penn & 
Bryant 2008).  
Although the Ca-P pool under the P0 treatment did not show any significant change 
in the statistical analysis, this might be due to the variability between replicates. 
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Looking at plots individually, there seems to be a trend towards a decrease in this 
pool in the last year, which might be detected statistically in future.  There are few 
long term studies showing the mobilization of the Ca-P during soil P depletion, that 
the author of this thesis is aware of. Hatikainen (1989) measured statistically 
significant decreases soils of the Ca-P pool in 7 out of 16 experimental soils after only 
7 years of cultivation with no P application. On the other hand neither Zhang et al. 
(2004) nor Crews and Brookes (2014) found significant decreases in the calcium 
phosphate pool in long term (10 and 16 years) field experiments after P depletion by 
cultivation.   
The pH of the soil did not change significantly since the beginning of the experiment. 
However, the dissolution of calcium phosphates might have occurred in the 
rhizosphere due to root induced acidification (Hinsinger 2001) or at the low pH values 
in the proximity of fertilizer granules. It is possible that the dissolution of the liming 
material still buffers the soil pH. Therefore, a decrease in pH will take place only after 
the dissolution of the liming agent.  
None of the pools extracted with the Chang and Jackson fractionation experienced 
significant changes under the P1 treatment. Although, the application of P was higher 
than the amount recovered with the harvest, the lack of P accumulation might be 
explained by the P losses from the plots. Including this expected losses, as it will be 
discussed later, results in a closer balance between inputs and outputs for the plough 
layer. 
The amount of P extracted with NH4F for the years 1978 and 1995 was about 18% 
higher than the ones reported by Jaakkola et al. (1997). The NH4Cl-P was also higher 
(about 30% in 1995), while the other fractions presented similar results. It is not 
possible to know whether the differences are associated to analytical errors or 
caused by the sample storage. However the differences are small, and do not affect 
substantially the interpretation of the results. 
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6.3 P balance of the field 
The accumulation of P from 1978 to 2015 in the topsoil of the P1 and P2K treatments 
(32 and 731 kg ha-1) explained only a small fraction of the positive P balance of the 
field (613 and 1801 kg ha-1). The recovery rates (i.e. share of the P balance that is 
accumulated in the soil) were 5% for the P1 treatment and 40% for the P2K treatment.  
The depletion of soil P (P0 treatment) in the topsoil during 37 years (-458 kg ha-1), was 
well expressed by the P balance of the field (-459 kg ha-1). This would be indicative of 
the good reliability of the analytical and field work. However, the lateral movement 
of soil from adjacent plots, which have received P fertilization should be taken into 
account for the P balance. In the previous article published for this field experiment, 
Jaakkola et al. (1997) estimated the contribution of this lateral soil movement to the 
annual P balance using to the model created by Sibbesen (1986). According to the 
model the P balance of the P0 treatment was calculated to increase by 2 kg P ha-1 yr-
1 and for the P1 and P2K treatment to decrease by 14 kg P ha-1 yr-1.  
Assuming the same estimates for this 37 years period, the P balance for the P0, P1 and 
P2K treatment should be corrected to -385, 109 and 1297 kg P ha-1 and, also the 
recovery rates to 79%, 30% and 56%, respectively.  Although these values are in the 
range of P recovery rates expected in an agricultural fields (24-71% Yli-Halla 1989; 
34% -62%; Saarela et al. 2003; 85% - 95% Turtola and Yli-Halla 1999), the recovery 
rate in the P1 treatment is still surprisingly lower than in the P2K treatment. This is in 
contradiction to the higher losses of P expected at higher rates P fertilization. 
It is important to remark the high variability between treatment plots regarding the 
P accumulation in the soil and the P uptake (as it can be seen by the large standard 
errors in the table 3). The plot 11 (P1 treatment) was depleted of 442 kg P ha-1 during 
the 37 years period, while the other plots experienced P accumulation (from 91 to 
250 kg P ha-1). The large P depletion measured for this plot from 1978 to 1995 is 
behind the low recovery rate calculated for the P1 treatment. Excluding this plot, the 
corrected recovery rate of the P1 would increase to 51%. It cannot be discarded, that 
the high content of P measured on the soil sample from 1978 could have been caused 
by contamination of the sample or analytical errors.  
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Despite the mentioned variability of plots, the discrepancy between the P balance 
and the change in P measured in the soil indicates that a substantial amount of P has 
been lost from the plough layer in surface or subsurface pathways. Although in this 
thesis the total P content of the soil was not analyzed, the Chang and Jackson 
fractionation method have proved to express almost completely the P balance in pot 
and incubation experiments (Kaila 1964, Yli-Halla et al. 2002).  The reductant soluble 
and occluded P extracted with the original Chang and Jackson method can represent 
about 20% of the total P in Finnish soils (Kaila 1964). However, the transformation of 
P to this non-labile is expected to be minimal (Kaila 1964). Moreover, the organic P 
of our field did not experienced any significant changes during the 17 first years of 
the experiment (Jaakkola et al. 1997) and it is expected that it has remained constant 
the following years.  
The acid ammonium acetate extraction recovered 10.4%, 4.2% and 1.7% of the P 
balance for the treatments P0, P1 and P2K, respectively. The results indicate a higher 
sensitivity of the Paac to P depletion than to saturation when the initial Paac of the 
soil is high. These percentages of Paac recovery are close to the ones reported by 
Saarela et al. (2004) for 10 long term P fertilization trials.  
Uusitalo et al. (2016) have recently developed an empirical model to predict changes 
in the soil Paac, using as input variable the initial Paac and the annual P balance.  
When using the corrected P balance of our field, the model predicted accurately the 
Paac of the P2K treatment (48 mg L-1), but yielded about half of the measured Paac 
for the P1 (9 mg L-1) and P0 treatments (4 mg L-1). Information about the pH of the 
soils used for the calibration of the model was not presented, but agricultural soils so 
heavily limed as our field experiment are not common in Finland. It might be that the 
dissolution of calcium phosphates in our soil is behind the high measured Paac (P0 
and P1 treatments) when compared with the model. 
6.4 P saturation and leaching below the plough layer. 
Measuring the P status of the soil in relation to its sorption capacity (DPS) has been 
widely accepted as a good indicator of the potential P losses from the soil.  Several 
publications have used split linear regressions to correlate the DPS (capacity factor) 
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with a P intensity factor. In these models the presence of change point in the DPS is 
assumed, above which the linear relationship with the intensity factor is much 
steeper. Maguire and Sims (2002) and Nelson et al. (2005) identified a change point 
at 50% DPS when it was plotted, respectively, against the P concentration in the 
leachate from 20 cm soil columns and against dissolved reactive P in the soil solution 
at 45 cm depth. Change points at 20 % (Hooda et al. 2000, Nair et al. 2004) and 50% 
DPS (Nelson et al. 2005) have also been measured when the DPS has been plotted 
against water soluble P. In the Netherlands a 25% DPS has been set as an 
environmental threshold in order to keep the molybdate reactive P concentration in 
the leaching water below 100 µg L-1 (Breeuwsma et al. 1995).   
Despite the continuous large application of P, the topsoil of the P2K treatment has 
reached only a 20 % DPS by 2015. The low DPS can be attributed to the high P sorption 
capacity of the soil. This DPS is just in the borderline of the lowest reported change 
point values. However, the relative high EPC0 derived from the sorption isotherm of 
the plot 12, together with the high Paac and NH4Cl-P of the soils under the P2K 
treatment are indicative of a high concentration of easily desorbable P. Therefore a 
significant amount of P is expected to have been lost from the plough layer through 
surface runoff or leaching, especially after fertilizer application. The losses through 
surface runoff have likely been an important share of the total P losses due to slope 
of the field (7% on its steepest part).  
 It is important to keep in mind that unless P is lost through preferential flow paths 
to drainage waters, most of the P leached from the topsoil will be adsorbed in the 
subsoil at some depth (Brock et al. 2007). Accumulation of P in soil profiles receiving 
P inputs has been reported in numerous studies (Hountin 1999, Nelson et al. 2005, 
Novak et al. 2005, Crews and Brookes 2014). However, the P content measured in 
our subsoil samples was not significantly affected by the fertilization treatment, 
neither has it changed congruently along the years. 
 As mentioned before, P leaching occurs mainly as preferential flow through 
macropores, with their surface presenting a substantially higher content of P than 
the remaining soil matrix (Gächter et al. 1998). Soil texture and structure might 
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indeed, have a larger influence in P leaching than the P status of the topsoil (Djodjic 
et al. (2004). The heterogeneous spatial distribution of the macropores (Flury et al. 
1994) can lead to a similar spatial variability in the P content at a given depth, which 
was not possible to detect with our sampling strategy.  
Moreover, the sampling depth has most probably varied between and within years. 
In 1995, 2000 and 2005 were taken with an auger discarding the first 25 cm layer, 
which might have led to the contamination with topsoil material. In 2015 we tried to 
avoid this by removing the topsoil with a spade before taking the sample with the 
auger. The auger extracts a 25 cm long soil chunk; which might have led to the mixing 
of soil material from different horizons. Since subsoil horizons can present significant 
differences in P content (Peltovuori et al. 2002), the characterization of the soil profile 
is required for a more congruent subsoil sampling. 
It is important to remark that the acid ammonium oxalate extraction developed by 
Niskanen (1989), used by Jaakkola et al. (1997), have clearly underestimated the 
amount short-range ordered iron (16 mmol kg-1) and aluminum (76 mmol kg-1), 
especially the former, when compared with the Schwertmann (1964) extraction used 
in this thesis. The low PSC and therefore high DPS calculated for the field based on 
the previous data (40% for the P2K treatment in 1995; Jaakkola et al. 1997) led to the 
hypothesis that a significant accumulation of P would have occurred below the 
plough layer for the P2K treatment by 2015. Therefore, DPS values obtained by 
different extraction methods should not be compared.   
6.5 P sorption isotherms 
High application rates of P (P2K) during 37 years clearly decreased the P buffer 
capacity of the soil and increased its EPC0. The high EPC0 and low BC values measured 
in 2015 are similar to the ones found in other heavily fertilized agricultural soils in 
Finland (Loppi soil BC=47, EPC0=1.55; Peltovuori et al. 2007). 
The medium level of P fertilization (P1) did not result in any appreciable changes in 
the sorption isotherm, except for a small decrease in the slope at the highest 
concentrations of P in solution. This is in agreement with the statement from 
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Hartikainen (1991) that “moderate farm-scale levels of P application will change only 
to a small extent parameters derived from the sorption isotherms”. 
P exhaustion due to cultivation without P fertilization resulted in a small increase of 
the P buffer capacity of the soil and a small decrease in the EPC0. The changes in the 
sorption isotherm were less marked than the ones reported by Yli-Halla et al. (2002) 
for a pot experiment, in which a similar decrease in the inorganic P reserves was 
measured after the cultivation of 6 ryegrass crops. The soil used in the pot 
experiment had a similar buffer capacity. However, the sum oxalate extractable iron 
and aluminum (Niskanen extraction), was higher (130 mmol kg-1) than in our field (92 
mmol kg-1). Because the lower PSC our field, a more significant response of the EPC0 
to P depletion should be expected.  
The rate at which inorganic P reserves are depleted influence the binding energy of 
the remaining sorbed P due to the time-dependency of the diffusion/occlusion 
reactions (Barrow 1983). Therefore, it is possible that the high response of the EPC0 
measured by Yli-Halla et al. (2002) was caused by the fast rate of P depletion.  
It is important to remark that the sorption curves are sensitive to the temperature, 
the incubation time, the soil-solution ratio, and background electrolyte used. It is well 
known that the operationally defined 24 h incubation period does not lead to an 
equilibrium between the P in solution and the P adsorbed in the soil (Barrow 2007).  
Calculating directly from the sorption curves, the soil in the P2K treatment (plot 12) 
would have needed to adsorb 55 mg P kg-1 in order to increase its EPC0 to the 
concentration measured 37 years later. On the other hand, the soil in the P1 (plot 11) 
and P0 (plot 20) treatments, would have needed to desorb -1.9 mg P kg-1 and -13 mg 
P kg-1 respectively.  These calculations are clearly an underestimation of the actual 
accumulation and depletion of P that have taken place in the soil (+252 mg Kg-1, +11 
mg Kg-1 and -158 mg Kg-1 for plots 12, 11 and 20, respectively).  
The 24 h is sufficient to measure an initial adsorption of phosphate on the surface of 
the soil particles. However, in the field conditions, or during long incubation times, 
this initial adsorption is followed by a slower diffusion of phosphate into the interior 
of the particles and less accessible sorption sites (Barrow 1983). Similarly, during P 
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depletion in the field, the most labile sorption sites are expected to be replenished 
with less accessible P, which is not exploited in short term incubations. This 
“incomplete” desorption can also result in an underestimation of the P loading 
capacity of the soil extrapolated from the isotherms (Yli-Halla et al. 1995). 
The use of longer incubation times lead to a larger amount of P sorbed (as observed 
in the long term incubation of this thesis) and therefore, to the calculation of a higher 
buffer capacities and probably slightly different EPC0 concentrations. Although, the P 
sorption isotherms are useful for studying changes due to fertilization treatments or 
comparing different soils, one should be cautious when interpreting the results. 
6.5 Long term sorption experiment 
The results from the long term sorption experiment showed that, for the topsoil 
samples, the soil reached an equilibrium with the P in solution already after 100 days. 
This appears to be the case for the soils with low PSC, while in soils with higher 
amount of oxides the sorption proceeds for longer incubation times (Maguire et al. 
2001). The subsoil sample has fixed a lower amount of P than the topsoil samples and 
the sorption has proceeded after 100 days. This lower sorption and longer reaction is 
likely attributed to the lower P concentration used in the incubation.  
The P sorption capacity of the iron and aluminum oxides in our soil (α) is lower than 
the one reported for central European (Van der Zee and Riemsdijk 1988) and Irish 
soils (Maguire et al. 2008). This would be in accordance, despite the methodological 
differences, with the results obtained by Uusitalo and Tuhkanen (2000), which 
suggested a low sorption capacity of the oxides for 10 soils in southern Finland.  On 
the other hand this low reactivity is in contradiction with the expected low 
crystallinity of the oxides in the postglacial Finnish soils. However, the results of a 
single field cannot be extrapolated and a new long term sorption experiment, which 
includes more soils should be done in order to confirm this hypothesis.  
In our experiment, the P adsorbed by the soil was not constantly replenished as done 
by Van der Zee and Riemsdijk (1988) and Maguire et al. (2008), leading to a lower P 
concentration in solution by the end of our experiment. However, the differences 
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were small and the P concentration used is in any case, much higher than what found 
in the soil solution of agricultural soils. 
If the lower P concentration in solution were the cause of the low P sorption 
measured in our samples, it would question the usefulness of the parameter (α). 
Especially, since this parameter is operationally defined for P concentrations unlikely 
to be found in soils. The use of a 0.5 value for α would be, therefore, as good as any 
other as long as it expressed in the calculations for the PSC of the soil, allowing the 
comparison between different studies. 
 
7. Conclusions 
The results of this thesis confirms that P accumulation in the plough layer expresses 
only partially the positive P balance in field experiments. This accumulation is mainly 
caused by P sorption on short-range ordered aluminum and iron oxide.  Although, 
both oxides contribute similarly to the P sorption capacity on this soil, only the P 
bound to aluminum oxides appears to be plant available.  Another important finding 
is that the formation of secondary calcium phosphates can represent an important 
sink of the applied P even decades after the intensive liming of the field. 
The positive P balance of field under the P1 and P2K treatments, was hypothesized to 
lead to accumulation of P under the plough layer. Despite the low recovery rates of 
P and the relative high P saturation of the plough layer (0-25 cm), no changes in 
inorganic P fractions were detected in the subsoil samples (25-50 cm). The lack of 
accumulation might be explained by the loss of P to deeper soil layers through 
preferential flow, incongruent sampling or the fact that a large part of P was lost 
through surface runoff due to the slope of the field. 
Soil P saturation led, as expected, to a decrease in the equilibrium P concentration of 
the soil (EPC0) and a decrease in the P buffer capacity of the soil. P depletion had the 
opposite effect, although, the changes were not as pronounced.  
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Finally, the results from the long term sorption experiment revealed a low reactivity 
of the oxalate extractable Fe and Al oxides of our soil, compared with the values 
reported for central European and Irish soils. However, no further conclusions or can 
be drawn from of the analysis of a single soil. 
8. Further research  
Although the data is already available for this field, the study of the crop´s response 
to P fertilization was beyond the scope of this thesis. The possible overestimation of 
available P by the acidic ammonium acetate extraction (Paac) should be studied in 
more detail in order to optimize fertilizer recommendations in heavily limed soils.  
Due to the natural soil heterogeneity and the existence of preferential flow paths, 
small changes in concentrations in subsoil P are difficult to detect. Therefore, a more 
congruent sampling strategy, which include more sampling sites and better define 
depths in the soil profile is recommended to be used in the future. Furthermore, the 
use of lysimeters at different depths would allow to study in more detail the relation 
between the degree of P saturation in the topsoil and P leaching.   
There are few long term filed experiments that include a P depletion treatment, 
which makes this one especially valuable. Its continuity would allow to further study 
yield decreases as P is depleted from the soil. Moreover, it would allow to test the 
hypothesis that that the Fe-P pool becomes similarly available than Al-P as the later 
gets depleted. 
The results from the long term incubation indicate a low reactivity of the iron and 
aluminum oxides of our soils compared with previously reported values for central 
European and Irish soils. However, to support this hypothesis, further research 
should be done. The author proposes a new incubation experiment which would 
include a larger set of samples of Scandinavian and central European soils. 
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Appendix 1: Additional tables 
Table 9a. Concentration of P (mg/kg) and standard error (n=4) in different P-pools from the Chang and 
Jackson fractionation on the topsoil for the different P fertilizer treatment and years.  Fractions for the 
same year marked with the same letter do not differ significantly (Tukey p=0.05). 
 
Treatment 
NH4CL 
(mg/kg) 
NH4F 
(mg/kg) 
NaOH 
(mg/kg) 
H2SO4 
(mg/kg) Σ (mg/kg) 
1978 P0 11 (1) a 300 (13) a 150 (8) a 217 (9) a 678 (6) a 
 P1 10 (3) a 299 (24) a 154 (3) a 217 (14) a 680 (40) a 
 P2K 12 (2) a 326 (20) a 153 (10) a 196 (5) a 688 (15) a 
1995 P0 6 (2) a 260 (20) a 141 (3) a 207 (14) a 613 (22) a 
 P1 9 (2) a 310 (20) a 165 (5) b 222 (11) b 706 (32) a 
 P2K 12 (1) a 414 (13) b 190 (8) c 219 (10) c 834 (24) b 
2005 P0 3 (1) a 226 (23) a 139 (8) a 205 (15) a 572 (31) a 
 P1 7 (1) a 314 (24) b 171 (5) a 226 (5) a 718 (26) b 
 P2K 14 (2) b 449 (14) c 210 (13) b 245 (13) a 917 (27) c 
2015 P0 1 (0) a 208 (25) a 129 (6) a 182 (6) a 520 (29) a 
 P1 4 (1) a 289 (20) a* 167 (10) b 231 (6) b 691(34) b  
 P2K 12 (2) b 464 (16) b 220 (4) c 244 (9) b 940 (15) c 
Means of the same column and the same year followed by a common latter do not differ 
significantly (Tukey, p= 0.05). 
 
Table 9b. Concentration of P (mg/kg) in the subsoil for the different years and treatments as 
extracted with the Chang and Jackson fractionation. The values are presented as the average of the 
plot replicates (n=4) with the standard error between parentheses. 
 
Treatment NH4Cl (mg/kg) NH4F (mg/kg) NaOH (mg/kg) H2SO4 (mg/kg) 
1995 
 
P0 1(0) 81 (13) 62 (8) 269 (12) 
P1 2(1) 138 (23) 76 (12) 207 (8) 
P2K 1(0) 134 (26) 72 (5) 185 (32) 
2005 
P0 1(0) 137 (23) 74 (3) 204 (25) 
P1 2(0) 136 (19) 86 (6) 261 (8) 
P2K 2(1) 153 (41) 90 (16) 227 (23) 
2015 
 
P0 0(0) 80 (32) 52 (4) 238 (44) 
P1 0(0) 56 (8) 55 (4) 233 (20) 
P2K 0(0) 110 (39) 60 (7) 204 (55) 
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Table 10. Amount of P fixed in the soil after 1 week incubation at different soil: solution ratios and P 
concentrations. The values are presented as the average of the plots, with the standard deviation between 
parentheses, except for the subsoil where only a single plot was used. 
Plots 
Soil-to- 
solution ratio 
P concentration, 
(mmol L -1) 
P fixed (mg/kg) 
P reduction in 
solution % 
Topsoil 
(4, 8 and 
11) 
1:10 
3 578 (5) 58 (1) 
5 597 (5) 53 (0) 
1:15 5 613 (58) 48 (3) 
Subsoil 
(11) 
1:05 0.5 54 73 
1:10 0.5 86 57 
 
 
Appendix 2: Chang and Jackson fractionation 
Extractions: 
NH4CL-P. 1.0 gram of soil was weighed in plastic centrifuge tubes and the weight 
recorded. With the help of a dispenser pipette 50 ml of 1M NH4Cl were added into 
the tubes, which were then placed in a mechanical shaker (Edmund Bhler, SM 30 
Control) for 30 min at 180 rpm. After shaking, the samples were centrifuged (Hermle, 
ZM 513 K) during 15 min at 2000 rpm and the suspension filtered through blue ribbon 
paper (Whatman, 589/3, ashless, blue ribbon, diameter 150 mm)  into plastic bottles.  
The extraction removes the exchangeable Ca2+ so it will not precipitate as calcium 
phosphate during the next extraction. 
NHF-P. Posteriorly, 50 ml of 0.5 M NHF (pH 8.5) was added to the soil remaining in 
the centrifuge tube and shaken? for an hour at 180 rpm. The samples were 
centrifuged at 2000 rpm for 15 min and the solution transferred into Plastic bottles. 
NaOH-P. Prior to the extraction, the soil was washed with 25 ml of saturated NaCl 
solution and shacked? by hand to ensure that all the soil was detached from the 
bottom of the tube. The solution was discarded after centrifuging the tubes for 15 
min at 2000 rpm.  For the extraction, 50 ml of 0.1 M NaOH were added to the tubes 
and shacked? for 30 min at 180 rpm. The tubes were then left to stand overnight. The 
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morning after, the tubes were shacked again for 30 min, centrifuged for 15 min at 
2000 rpm and the suspension decanted into plastic bottles.  
H2SO4-P. The soil was washed again with NaCl as described above before a final 
extraction with 50 ml of 0.25 M H2SO4. The tubes were shacked for an hour at 180 
rpm, centrifuged at 2000 rpm for 15 min and the suspension decanted into plastic 
bottles. 
Dispenser pipettes were used for adding the extraction reagents into the centrifuge 
tubes. All the extracts in the plastic bottles were stored at +5 °C for no more than 4 
days until the phosphate concentration was determined.  
Measurement: 
Stock solutions: 
- SnCl2 ∙ 2 H2
 
O stock solution 10 g / 25 ml strong HCl  
- Ammonium heptamolybdate solution: 40 g / 5 l which is 1 M in relation to HCl  
Two different standard series were prepared: The “small scale”, which is 1 M in 
relation to H2SO4 and the “big scale”, which is 0.333 M in relation to H2SO4. Both 
scales contained 7 standards with the following P concentrations: 0, 0.2, 0.2, 0.4, 0.6, 
0.8 and 1.2 mg P/l. The standard series were previously prepared by Dr. Tommi 
Peltovuori. 
The molybdate blue method was used to determine the P concentration on the 
extractions. On this method, phosphate reacts with molybdate in an acidic medium 
to form molybdophosphoric acid which upon selective reduction with SnCl2 forms a 
blue colored compound (molybdate blue). The concentration of phosphate in the 
solution can then be then analyzed with a spectrophotometer. The reactions were 
done as follows: 
NH4Cl-P: 20 ml of sample were pipetted into decanter glasses, together with 10 ml of 
1M H2SO4 and 20 ml of molybdate reagent. The mixture was then reduced with 5ml 
of SnCl2 solution, freshly made every day by a 150 dilution of the stock solution.  For 
the standard, 10 ml from the “small scale” series, 20 ml of NH4Cl and 20 ml of 
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molybdate reagent were pipetted into decanter glasses and reduced by adding 5 ml 
of the SnCl2 diluted solution. 
NH4F-P: 5 ml of sample were pipetted into decanter glasses, together with 15 ml of 
0.4 M H3BO3 and 20 ml of molybdate reagent. For the standars, 10 ml from the “little 
scale” series, 5 ml of 0.5 M NH4F (pH 8.5), 15 ml of H3BO3 and 20 ml of molybdate 
reagent were pipetted into decanter glasses. The reduction was carried by adding 5 
ml of the SnCl2 diluted solution. 
NaOH-P: 20 ml of sample were pipetted into beakers adding posteriorly 5 ml of 0.5 
M H2SO4 in order to precipitate the organic matter dissolved during the extraction 
with NaOH. The solution was filtered through a filter paper (Whatman, 589/3, 
ashless, blue ribbon, diameter 150 mm) and 5 ml of the clear filtrate were pitted into 
new beakers. Posteriorly 25 ml of 0.39 M H2SO4 and 20 ml of molybdate reagent 
were pipetted in the beakers. 
 The standards were prepared from the “big scale series” by pipetting 10 ml of the 
standards and 20 ml of the molybdate reagent. The reduction of the samples and 
standards was carried out using 5 ml of SnCl2 diluted solution. 
H2SO4-P: 5 ml of sample were pipetted into decanter glasses, adding afterwards 25 
ml of 0.39 M H2SO4, 20 ml of molybdate reagent. The solution was reduced with 5ml 
of diluted SnCl2. The same standards as for the NaOH fraction were used for the 
calibration curve since the determination was done simultaneously. 
The P concentration in all the reduced solutions was determined using an ORIDOR, 
aUVmini 120 UV-VIS spectrophotometer setting the wavelength at 880 nm. The 
reduced samples were manually shacked, let stand for the reaction to take place 
during 15 min, shacked again and transferred to disposable cuvettes. Deionized water 
was used for zeroing and the spectrophotometer was checked for calibration every 
day before the measurements using a calibration reference standard cuvette.  
For the measurement of the last 3 batches of samples (96 samples) the volume of 
sample and all reagents used for the determination was divided by a factor of 5. With 
the use of proportionally lower volumes errors originated by pipetting twice the same 
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reagents to obtain a given volume (2 times 10ml to get 20ml of molybdate) were 
minimized. Moreover it decreased substantially the amount of waste products, the 
time of the analysis. 
 
Appendix 3: Ascorbic acid method  
Reagents: 
Sulfuric acid solution: 300 ml water + 100 ml strong sulfuric acid prepared in 2 litter 
volumetric flask. 
Ammonium molybdate solution: 8.08 g ammonium heptamolybdate p.a. 
(NH4)6Mo7O24 ∙ H2O is dissolved in 90 ml of deionized water. The solution was 
prepared right before preparing the mixture reagent in a 100 ml volumetric flask and 
stored for few hours at 5 °C too cool it down. 
Antimony tartrate solution: 3.35 g potassium antimony(III)oxide tartrate p.a. 
KSbOC4H4O6
 
∙ H2O was dissolved in deionized water and diluted to 100 ml in a 
volumetric flask. 
Mixture reagent: Cold ammonium molybdate solution was slowly added into 400 ml 
of sulfuric acid solution. The volumetric flask was placed in an ice bath to facilitate 
cooling. Posteriorly, 10 ml of antimony tartrate solution was added into the solution. 
The solution was stored at 5 °C in a dark bottle for a maximum of 5 weeks. 
Ascorbic acid solution: 10 g of ascorbic acid p.a. was dissolved in 90 ml of deionized 
water. The solution was stored at 5 °C in a dark bottle for a maximum of 5 weeks. 
Phosphate solution: Stock solution 200 mg / l which was prepared by Dr. Tommi 
Peltovuori 4 months prior to this analysis and stored at 5°C was used. The solution 
was prepared by dissolving 0.8787 g of KH2PO4 (dried for two hours at 105°C) in 
deionized water and dilute to a liter.  
Standard series: 0, 0.02, 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 mg P / l.  Were prepared 
in 200 ml volumetric flasks from the phosphate solution. The standards are suitable 
for use only on the preparation day.  
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Determination: 
Using volumetric pipettes, 30 ml from the standards and samples were transferred 
to 100 ml centrifuge plastic tubes. Posteriorly 1 ml of the mixture reagent and 0.25 
ml of ascorbic acid were added into the tubes, shaken by hand and let stand for 20 
min to complete the reaction. Finally, an aliquot of the mixture was transferred to 1 
ml plastic cuvettes and the P concentration determined using an ORIDOR, aUVmini 
120 UV-VIS spectrophotometer setting a wavelength of 880 nm. Deionized water was 
used for zeroing and the spectrophotometer was checked for calibration every day 
before the measurements using a calibration reference standard cuvette. 
Appendix 4: Standard preparation for the ICP 
 
   Blank M1 M3 M4 M5 M6 
Element 
Stock 
solution 
Working 
solution 
0 mg L-1 
0.1 mg 
L-1 
1 mg L-1 
10 mg L-
1 
50 mg L-
1 
100 mg 
L-1 
Fe & Al 
10 000 
ppm 
10 ppm (H2O)   
50 ml 
volumetric 
flask 
- 250 μL 2500 μL - - - 
1000 ppm 
(H2O) 10 ml 
tube 
- - - 250 μL 1250 μL 2500 μL 
  
Acid amonium 
oxalate 
2.5 mL 2.5 mL 2.5 mL 2.5 mL 2.5 mL 2.5 mL 
  0.1 M HCl 
Add 25 
mL 
Add 25 
mL 
Add 25 
mL 
Add 25 
mL 
Add 25 
mL 
Add 25 
mL 
         
Preparation of working solutions: 
Fe & Al 10 ppm: 50 μL 10 000 ppm → Add 50 mL H2O 
Fe & Al 1000 ppm: 1000 μL 10 000 ppm + 8000 μL H2O 
MQuality Control Fe & Al 10 mg/l: 25 μL Fe 10 000 ppm + 25 μL Al 10 000 ppm + 2.5 ml Acid 
ammonium oxalate  → Add 25 mL 0.1 M HCl
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Appendix 5: Finnish soil fertility classes and P fertilizer recommendations 
Table 11a. Classification of soils into fertility classes based on the Pacc concentration (mg L-1) and soil type. Data obtained from Vilavuspalvelu Oy. 
 
Table 11b. Fertilizer recommendations (kg P ha-1) in Finland since 1983, based on the fertility class and the soil type (in Finnish). Data obtained from Eurofins 
Viljavuuspalvelu 0y.and the Rural development Programme for Mainland Finland 
 1983 2000 2007-2013 2014-2017 
 
Cereals, 
hay 
Grasses, cover 
crop, 
 potatoes, beets. 
Cereals Potatoes Sugarbeet Cereals Potatoes 
Sugar 
beet 
Cereals Potatoes 
Sugar 
beet 
Fertility class     
residues ploughed 
into the field 
residues 
collected 
      
Possible 
excesive (7) 
-  - - - - - - - 0 5 5 
High (6) 10 20 - 20 10 20 - 20 14 0 20 14 
Good (5) 20 40 5-15 35 30 40 4-10 35 26 5 35 26 
Satisfactory (4) 30 60 10-20 55 50 60 8-14 55 43 10 55 43 
Tolerable (3) 40 80 30-20 75 70 80 16-22 70 60 16 55 60 
Rather poor (2) 50 90 30-40 75 70 80 20-26 70 63 26 55 63 
Poor (1) 60 100 50-40 75 70 80 28-34 70 63 34 55 63 
Fertility class 
1983 2000 
Elo-peräiset maat Karkeat kivennäismaat Savimaat Elo-peräiset maat (m) Karkeat kivennäismaat Savimaat (m) 
     hiesu, hiue, hiekat (m) hiedat, moreenit (m)  
Possible excesive (7) >200 >200 >200 >30 >50 >50 >40 
High (6) 200-40 200-70 200-40 30-22 50-33 50-28 40-23 
Good (5) 40-15 70-25 40-15 22-15 33-20 28-17 32-14 
Satisfactory (4) 15-6 25-10 15-6 15-8 20-12 17-9 14-7 
Tolerable (3) 6-3 10-4 6-3 8-4 12-6 9-4,5 7-2 
Rather poor (2) 3-1,5 4-2 3-1.5 4-2 6-3 4.5-2.5 3.5-2 
Poor (1) <1,5 <2 <1.5 <2 <3 <2.5 <2 
